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ABSTRACT 


In this research, the design and implementation of an integrated-circuit, digitally 
programmable, analog-to-analog filter are presented. By functioning in the analog 
domain the quantization errors and hardware requirements of analog-to-digital, and 
digital-to-analog, conversion are eliminated. The filter design of this project utilizes 
switched-capacitors and the Generalized Immitance Converter to eliminate resistors and 
inductors. The resulting design is therefore suitable for fabrication by modern integrated- 
circuit technology. The design also features digital programmability, so that the filter can 
easily interface with modem digital systems. The overall filtering circuit is 
programmable in filter topology, quality factor, and cutoff (or center) frequency, making 


it useful in a wide range of applications. 
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I. INTRODUCTION 


A. BACKGROUND 


Most electronic systems require some degree of signal filtering or conditioning in 
order to function properly. In the early 1960’s most electronic filters were constructed 
using discrete analog components, such as resistors, capacitors, and inductors.. These 
systems were often complex, difficult to produce, sensitive to individual component 
variations, and very costly. As circuit technology progressed digital systems began to 
provide designers with smaller, lighter, and faster functionality. Today digital systems 
are the forefront of most electronic systems. Currently there is a great deal of focus on 
Digital Signal Processing (DSP) to provide the required signal filtering or conditioning. 
However, the emergence of digital technology has not obviated analog systems. The 
world we live in is an analog system. Therefore, circuit designers will always have to 
deal with analog signals in some way. There are numerous electronic systems in which 
input and output signals are analog in nature. In such systems Digital Signal Processing 
requires anal g-to-digital signal conversion prior to processing, and digital-to-analog 
conversion after processing. These conversions ae quantization errors into the 
signal, increase hardware requirements, and delay circuit response. A filter acting in the 
analog domain can avoid these conversion errors, and function with reduced hardware 
requirements. 

Analog filtering may provide some benefit over DSP, but unless a circuit can be 
manufactured in Integrated Circuit (IC) form, its utility in modern systems is severely 
limited. Therefore, analog filters constructed of discrete components are of very tienited 


interest. On the other hand, integrated circuit analog filters could prove to be extremely 


useful. While it is technically citi to soasiiel discrete analog components in IC 
form, modern IC fabrication techniques are not optimized for production of most passive 
analog components. Therefore, any integrated circuit analog filter design must, in some 
way, eliminate these problematic Sonponents! yet still provide the necessary filtering 
‘characteristics. 

The research effort of this project seeks to develop an analog-to-analog filter 
design which is suitable for fabrication by current IC manufacturing techniques, pe 


high quality programmable filtering, and interfaces with modern digital systems. 


B. THESIS ORGANIZATION 


Background information, and the basics of electronic filtering are provided in 
Chapter II. Chapter III discusses the Operational Amplifier — one of the key components 
of analog filter circuits. Switched Capacitors, a technique used to simulate resistive 
impedances, are covered in Chapter IV. The basics of the Genctalizel Impedance 
Converter (GIC) filter, the foundation for the filter design of this project, are discussed in 
Chapter V. Chapter VI introduces some advanced concepts of the GIc filter, and 
develops the overall circuit design of this proj ect. The integrated circuit implementation 
of the filter is covered in Chapter VII. Finally, results and conclusions are outlined in 


Chapter VIII. 








II. FILTER BASICS 


An electrical filter is a device consisting of an interconnection of components, 
such as resistors, capacitors, inductors, and active devices (transistors, amplifiers, 
controlled sources). [Ref. 1] The purpose of a filter is to operate on an input electrical 
signal, the excitation signal, and produce an output, response signal, which exhibits a 
modified frequency spectrum. Specifically, a filter is designed to _ or amplify certain 
portions of a signal’s spectrum (certain frequencies), and at the same time block or 
attenuate other portions of the excitation signal spectrum. “In essence, a filter converts 
inputs into outputs in such a fashion that certain desirable features of the inputs are 
retained in the outputs, while undesirable features are suppressed.” [Ref. 2] Filters are 
extremely important in modern electronic systems. In fact, filters permeate modern 
technology so much that it is difficult to think of an electronic system which does not 
utilize a filter in some way. [Ref. 3] 

When designing or selecting a filter for use im a circuit one must determine the 
frequency selection characteristics of the filter in order to meet requirements. In general 
filters are separated into several categories based upon the shape of their frequency 


response. The next section will introduce and discuss these categories. 


A.. FILTER TYPES 


The interest in, and indeed the utility of, filters lies in their performance of 
ee selective functions: passing signals whose frequency spectrum lies within a 
specified range, and stopping signals whose frequency spectrum falls outside this range. 
Such filters ideally have frequency bands over which the magnitude of transmission is 


unity or greater (the filter passband) and frequency bands over which the transmission is 








zero (the filter stopband). [Ref. 4] Generally there are considered to be four maj or types 
of filters: low-pass (LP), high-pass (HP), band-pass (BP), and band-stop (BS) or notch 
 (N). Table 2.1 illustrates these basic filter types, showing their respective ideal frequency 


response. 


—_—_ __________._..___________________._____ 


| 
| 
| 
| 
| 





Frequency | | | Frequency 


Frequency Frequency 


Table 2.1: Ideal Frequency Response of the Four Basic Filter Types 


The filter frequency responses illustrated in Table 2.1, like most ideal 
representations, are not physically realizable. Rather, real filters exhibit transition bands 
in which the frequency response varies from the passband response to the stopband 
response. The width of these transition bands determines the “sharpness” of the filter 


response, and its selectivity. Table 2.2 illustrates typical non-ideal frequency responses 
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for the four basic filter types, along with a basic circuit network which can be used to 


_ realize each filter type. _ 


RC Low-Pass Filter | - Non-Ideal Response 


Passband } Transition { — Stopband 
: Band : 


Stopband : Transition :  Passband 
: Band _-t 


Frequency 





Table 2.2: Four Basic Filter Types with Corresponding Non-Ideal Frequency Responses 








Generally filters are specified by using a transfer function. In order to achieve all 
of the basic filter types the transfer function must be at least second order. Table 2.3 
shows the form of the transfer function for each of the various filter types. The cutoff or 
center frequency of each filter is given by - while the quality factor is given by Q,, and 


the value a; is a constant. 


SS 


| 















Low-Pass 


High-Pass 


Table 2.3: Transfer Functions of the Four Basic Filter Types 






The ability of the GIC filter to realize the transfer function of any of the basic 


filter types will be shown in Chapter V. 














B. FILTER SELECTIVITY 


The issue of selectivity is an important one. Obviously one would like a filter 
which exhibits maximum frequency selectivity. During design the more tightly one 
specifies a filter the closer the response is to the ideal of maximum selectivity. However, 
the resulting filter circuit must be of higher order and thus more complex and scpensive 
to implement. [Ref. 4] Filter selection is then, like many aspects of circuit design, a 
compromise. One must select and specify a filter which exhibits enough selectivity to 
function properly in the overall circuit, yet one must also select a filter design which is 
not prohibitively complex or expensive. 

The sharpness, or selectivity, of the filter is usually referred to as the quality 
factor QO. [Ref. 5] In many filters the quality factor is an important parameter. This is 
especially important in band-pass filters, which often are used to pass only a very narrow 
band of frequencies. [Ref. 6] Figures 2.1 and 2.2 illustrate the quality factor for low-pass 


and band-pass filters. 
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Figure 2.1: Q-Factor of Low-pass Filter 


0dB 
-3dB 


Gain 
(dB) 





GW); Wp G2 


Figure 2.2: Q-Factor of Bandpass Filter 


Often time the quality factor of a filter will determine what applications it is 
appropriate for, and its usefulness in general. Thus, any filter design project must include 
a specification of the quality factor. Additionally, if the filter is variable or 


programmable in frequency it is also extremely useful if it is variable in Q-factor as well. 


C. THE GIC FILTER 


Having discussed some of the baste topics relevant to filters in general, we may 
now turn our attention to the project at hand. Filters are designed in various 
configurations in order to suit specific applications, or to exploit certain characteristics. 
In an attempt to maximize its utility the overall filter of this project will be programmable 
in topology (filter type), frequency, and quality factor. Such a filter design will have 
usefulness in a wide range of applications. 

In order to realize all possible filter types it is generally necessary for a circuit to 


contain impedances of all three passive types (resistors, inductors, and capacitors). 








However, it will be shown that integrated circuit manufacturing of resistors and inductors 
is wrought with difficulty, exhibits poor tolerances, is prohibitively expensive, and is, as 
a result, not suitable for large scale implementation. The use of active components, 
switched capacitor networks, and the Generalized-Immitance (or Impedance) Converter 
(GIC) design will allow for the elimination of resistors and inductors by simulating their 
respective impedances. Additionally, digital circuit technology will allow for digital 
programmability of the entire circuit. Chapter [II will deal with Operational Amplifiers, 
one of the crucial active components in the circuit. Chapter IV will introduce Switched 
Capacitor networks, the means by which we can eliminate resistors from the circuit. 
Chapter V will introduce the GIC filter design. This design will allow us to simulate 
inductors, and achieve a circuit which is programmable in topology (type), frequency, 


and quality factor. 


THIS PAGE INTENTIONALLY LEFT BLANK 
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Hit. OPERATIONAL AMPLIFIERS 


A. INTRODUCTION 

The operational amplifier, commonly referred to as the op amp, is designed to 
function as a differential amplifier with an extremely high open-loop gain and bandwidth. 
In the ideal cases both the gain and bandwidth are treated as being infinite. The op amp 
is one of the most versatile building blocks in linear circuit applications, and is an. 
extensively used component in analog circuit design. [Ref. 4, 5] In fact, it has been 
pointed out that “one can do almost anything with op amps”. [Ref. 3] 

Early op amps were constructed of discrete components, and were prohibitively 
high in cost, while exhibiting poor performance characteristics. In the mid-1960’s 
Fairchild Semiconductor introduced the first integrated circuit (IC) op amp. [Ref. 3, 6] 
This first integrated circuit op amp, designated the HA 709, signaled a new era in 
electronic circuit design. With the new availability of IC op amps circuit designer began 
to use them in ever greater quantities. This in tum led to a reduction in ode and 
increases in performance. Soon after the pA 709 came the pA 741, a workhorse op amp 
whose basic design 1s still in use today. With the advent of the highly successful pA 741, 
op amps became an almost ubiquitous part of electronic circuitry. | 

Inevitably design variations of the pA 741 were created in efforts to improve on 
certain performance characteristics. Today there are numerous general and special 
purpose op amps for designers to choose from. What has not changed is the general 
usefulness and importance of these devices. The op amp is a critical portion of the design 
of any analog or sampled data circuit. For this reason the next section will examine some 


of the important characteristics and parameters of op amps. 


11 


_B. OPERATIONAL AMPLIFIER CHARACTERISTICS 


This section will introduce and define some of the key parameters of operational 
amplifiers. Where appropriate, values of these parameters for the theoretical ideal op 
amp will be given. In general the real op amp is a device which performs relatively well 
when compared to the ideal. However, certain crucial limitations imposed by real world 
op amp characteristics will dictate the design and function of overall circuit of this 
project. 


1. Open-loop Gain 
Figure 3.1 shows the circuit symbol for an op amp. 





Figure 3.1: Op Amp Circuit Symbol 


The open-loop gain of the op amp, A, is defined by the equation 


V, = AV, -V,)=> A= 





(7-7) — 


The ideal op amp should have a gain whose value is very large and ideally infinite 
Aideat = 0. An infinite gain is, however, not physically realizable. A real op amp has a 
finite gain. The typical values for op amp gain range from 100 to 10°. 


2. Frequency Response / Bandwidth 
One of the most important characteristics of an op amp is ‘its frequency poe 


In the ideal case the frequency response of the op amp is considered to be constant. In 
other words, the ideal op amp is considered to have infinite bandwidth. If we assume a 


finite gain for the op amp, then Figure 3.2 shows the ideal op amp frequency response. 
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Figure 3.2: Ideal Op Amp Frequency Response 


In reality, however, the op amp frequency response is not constant, rather the real 
op amp has a finite bandwidth. Internal circuit characteristics, such as parasitic 
capacitances, dictate the op amp finite bandwidth. However, in order to cause the op amp 
to have a single-time-constant low-pass frequency response, circuit designers normally 
include a compensating capacitor in the op amp design. This compensating oo 
ensures stable operation by causing the gain response to be less than one prior to the 
phase response reaching —180 degrees. This guarantees that negative feedback does not 
become positive feedback due to the phase response. Such op amps are termed internally 
compensated, and display a uniform gain rolloff, typically ~20dB/decade. Figure 3.3 
illustrates the non-ideal frequency response of general purpose op amps such as the 741- 
types. Obviously, in this parameter the real world op amp differs considerably from the 
ideal case. The finite bandwidth of op amps often is the limiting factor in determining 


the maximum operating frequency of circuits. 


|A| (4B) 








f (Hz) 
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Figure 3.3: Typical Non-Ideal Op Amp Frequency Response 


3. Input Impedance 
The input impedance of the op amp is defined as the ratio of the input voltage to 


input current. In the ideal case the op amp is considered to have infinite input impedance. 
That is, neither input terminal of the op amp draws _ current. In the non-ideal case the 
input impedance of an op an is determined by the internal circuitry used, specifically 
what type of transistors are used. Input impedance for the 741 op amp ranges from 
100kQ to 2MQ. These values are typical for op amps srnenced aging bipolar junction 
transistors. Op amps constructed using MOS transistors exhibit essentially infinite input 
impedance due to the nature of the MOS transistor. 


A. Output Impedance 
The output impedance of the op amp is defined as the ratio of open-circuit output 


voltage to the short-circuit output current. The ideal op amp is assumed to have zero 
output impedance. That is, the output voltage is assumed to be independent of the current 
drawn from the output. In the non-ideal case the type of transistors used to construct the 


op amp once again are the determining factor. Op amps constructed using bipolar 
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junction transistors exhibit output impedance in the range of 40 to 1000, while those 
constructed of MOS transistors are in the range of 100Q to 5kQ. 


>: Finite Lmear Range 
Equation 3.1 shows the linear relationship between the op amp inputs and output. 


The equation makes no mention of an acceptable range of values for these voltages. In 
reality the non-ideal op amp will only exhibit this linear relation for a finite range of 
voltages. In general this range will be equal to a value slightly belee the value of the op 
ae power supply. If the op nip is powered with +/-15 volts, then typical values for the 
linear range will be approximately +/- 12 volts. 


6. Common Mode Rejection Ratio 
A common mode signal is a signal which is applied simultaneously to both inputs 


of the op amp. Figure 3.4 shows an op amp with an applied common mode signal. 





Figure 3.4: Op Amp with Common Mode Signal 


Ideally the op amp will not respond to common mode signals. In other words the 
op amp should reject common mode signals, and only respond to differential input 
signals. The non-ideal op amp does show some response to common mode signals. If we 
let A be the differential open-loop gain of the op amp, and A,,, be the ratio of V./Vcm then 


we can define the Common Mode Rejection Ratio (CMRR) as 
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A 
CMRR = 7 (Eq. 3.2) 
Normally the CMRR is expressed in dB: 
| A 
CMRR = 20 log y (Eq. 3.3) 








In general the CMRR indicates the level to which the op amp is able to reject 
certain common mode signals. The most important common mode signal that one would 
wish to reject is noise. Thus the greater the CMRR the less susceptible to noise the op 
amp will be. 


ce Slew Rate 
The slew rate of an op amp is another important factor which determines the 


bandwidth of operation. The slew rate is defined as the maximum rate of change of the 


output voltage with respect to time 


spate (Eq. 3.4) 
dt | wx 





We can see the frequency limitation due to slew rate by examining an example. If 


one is given a voltage signal 


v=P sinat | (Eq. 3.5) 


Then the first derivative of the signal with respect to time is given by 


= = wV cos at (Eq. 3.6) 
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The maximum value of the derivative is 


OD gy a4 
If we then equate this value to the slew rate, and solve for maximum frequency 


we obtain 


J; ee (Eq. 3.8) 
"WV are 


Thus we see that the slew rate, along with the maximum value of the voltage 
signal, imposes a fundamental limitation on frequency. Circuit designers must keep this 
limitation in mind when developing systems. One way in which to limit the effect of the 
slew rate imposed frequency constraint is to keep maximum signal voltages low. This 
method is appropriate as long as adequate signal to noise ratios are maintained. 

Values of slew rates are normally given in units of V/us. Typical op amps exhibit 
slew rates of a few V/us, while op amps constructed of MOS transistors have slew rates 


of 1-20 V/s. 


OF OP AMP SELECTION 


The overall filtering circuit of this project, like most analog and sampled data 
systems, relies heavily on the use of op amps. As such, selection of an op amp 
appropriate to circuit requirements was critical. Several factors influenced the selection 
process, including op amp complexity, types of transistors used, manufacturing process to 
be used for construction, and performance characteristics. 

Op amps are complex circuits containing many transistors. Special purpose op 


amps with operating parameters optimized in some way may contain dozens of transistors 


17 





of various types. For this project the complexity of the op amp circuit was important for 
two reasons. First, the layout of the op amp had to be done at the individual transistor 
level. Circuit designers would normally have access to libraries of standard cells 
containing many Genisitly used components. Op amp layout would then simply require 
an appropriate selection. This project did not have access to predesigned op amp layouts. 
The second reason for attempting to limit op amp complexity _ available chip area. 
The fabrication process available for this project imposed constraints on the overall chip 
size. More sofiples op amps would take up more of this valuable area. For these 
reasons the circuit complexity influenced the op amp selection. | 

The types of transistors used in the op amp, and the manufacturing process 
available were also considered. Bipolar junction transistors are more effective at 
supplying large currents, while MOS transistors have an effectively infinite input 
impedance. Op amps have been Pe using both types of transistors, as well as 
combinations of the two in order garner the benefits of each. Here the manufacturing 
process available entered into consideration. The MOSIS process to be used in the chip 
fabrication was optimized to produce MOS transistors only. There was a capability to 
produce bipolar junction transistors, but not in an optimized fashion. Because of these 
two considerations it was decided to use an op amp which was constructed of only MOS 
transistors. 

Performance characteristics were, of course, also a consideration in the selection 
process. The overall filtering circuit would be influenced most by the slew rate and gain 
bandwidth product of the op amps used. The “standard” 741 op amp exhibits a gain 


bandwidth product of approximately 1 MHz, and a slew rate of approximately 1.25 V/us. 
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These values would be acceptable in the design, but increases here would lead to 
performance benefits of the completed circuit. 

Silvernagle [Ref. 9] proposed an op amp design which was composed solely of 
MOS transistors, and exhibited a slew rate and gain bandwidth product greater than the 
741. Additional research efforts verified the design and operation of this op amp. [Ref. 
6] Table 3.1 shows the characteristics of the Silvernagle op amp, along with those of the 


741 for comparison. 






Op Amp Gain Bandwidth Product 


741 | 1.25 V/us 1 MHz 
Silvernagle 3.85 V/s 2.13 MHz 









Table 3.1: Op Amp Performance Characteristics 


The circuit of the Silvernagle op amp, containing 13 transistors, was also 
relatively simple. Therefore, because of performance characteristics, transistor types 
used, and relative simplicity, the decision was made to use the Silvernagle op amp. 


Figure 3.5 shows the circuit schematic of this op amp design. 
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w=66p w= 66p 
L=10p L=10p 


Figure 3.5: Schematic of Silvernagle Op Amp 
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IV. SWITCHED CAPACITORS 


A. SWITCHED CAPACITORS VERSUS RESISTORS 


Resistors are perhaps the simplest component present in any circuit network, yet 
their production in modern circuitry is fraught with difficulties. Modern sleswonies 
technology is centered around the use of monolithic integrated circuits (ICs). It therefore 
follows that integrated circuits by necessity are required to contain resistors or some type 
of resistance element. However, modern IC fabrication techniques can only produce 
resistors whose values may vary quite significantly from nominal. In fact, IC fabrication 
can only be counted upon to produce resistors with tolerances of 50-100% from nominal. | 
[Ref. 2] In the context of this project resistors are needed in order to implement filtering 
siciiile, We know that the center frequency of a filter is determined by its RC product, 


as shown 


oO, =—— (Eg. 4.1) 


Certainly then, if the value of R varies by 50% or more then the value of W, will 
vary by at least that much. For effective circuit design and functioning this variation 
must be reduced. 

These wide variations in device parameters are caused by any of a number of 
manufacturing process variations, including doping densities, implant doses, and 
variations in width and thickness of oxide layers and passive conductors. [Ref. 2] IC 
fabrication processes are such that these parameters will vary from day to day, and from 
wafer to wafer; however, the parameters are relatively consistent across any given 


production wafer. This in turn implies that the parameters are effectively constant across 
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a given integrated circuit. This consistency of parameters across a given chip will prove 
to be crucial in developing switched capacitor filters. 

In addition to the problems associated with the tolerances of IC fabricated 
resistors they also suffer from additional drawbacks. IC fabrication techniques are 
optimized to produce transistors. In this role the fabrication techniques can efficiently 
produce very small transistors. When used to produce resistors, however, these same 
techniques are not as efficient. In fact a simple resistor on an IC will take up much more 
surface area than a transistor produced using the same technology family. This becomes 
a crucial problem, because in the electronics industry the “chip area” often dictates the 
cost of the entire circuit. Thus, IC fabricated resistors, in addition to having poor 
tolerances, are also expensive to implement. 

It is possible to produce accurate resistors on integrated circuits. However, this 
usually requires additional steps in the manufacturing process. Laser trimming is one 
such technique. In laser trimming a high-powered laser vaporizes areas of the resistor 
until it meets a required value. This technique is, in effect, manufacturing custom chips, 
and hence is very time consuming and very costly. 

It would seem then that the production of resistors on integrated circuits is 
prohibitively expensive, and laced with problems. This would imply that resistors should 
be avoided at all costs when designing circuits which will be produced in IC form. This 
however would be virtually impossible. We must then look for more accurate and cost 
effective ways in which to implement the function of a resistor. The switched capacitor 


provides us with just such a solution. 
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B. INTRODUCTION TO SWITCHED CAPACITORS 


A switched capacitor is a circuit topology, containing a capacitance and switches, 
which can be made to function as an equivalent resistance. The switched capacitor is 
based on the realization that a capacitor which is switched between two circuit nodes at a 
sufficiently high rate is equivalent to a resistor connecting these two nodes. [Ref. 3] 


Figure 4.1 illustrates a switched capacitor in its most basic form 


Vi 0 o——oV> 
Ca } 


Figure 4.1: Simple Switched Capacitor Network 


When the switch is connected to V, the capacitor will charge to that 
voltage, then when it connects to V2 the capacitor will charge, or discharge, to that - 
voltage. Thus, charge will be shuttled from one node to the other at a rate based on the 
switching frequency. The concept of a switched capacitor does not, on its own, provided 
us with a solution to fabricating accurate values of resistance unless one looks again at 
the manufacturing process. It turns out that modem CMOS fabrication techniques can 
produce capacitors whose values have much better variation from nominal than resistors. 
This alone provides us with some benefit; however, a tremendous additional benefit, and 
very close tolerances can be achieved by designing a circuit which is dependent upon a 
ratio of capacitances. The next section will provide more detailed explanations of 


switched capacitors, their implementation, and benefits. 
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C. DEVELOPMENT OF SWITCHED CAPACITORS 


1. Equivalent Resistance 
This section will develop the equations governing the functioning of simple 


switched capacitors and their equivalent resistances. Figure 4.2 illustrates a slightly more 


detailed switched capacitor network. 





Figure 4.2: MOS Implementation of a Switched Capacitor 


In this figure a pair of MOS transistors used as pass gates (switches) have 
replaced the simple switch shown in Figure 4.1. The inputs of the MOS transistors (®, 
and ®») control the switching of the circuit, and represent inputs from a two-phase non- 
overlapping clock dane. These inputs are mutually exclusive; that is, only one is 
asserted at any given time. The non-overlapping clock ensures that when ®, is asserted, 
@, is not asserted. Before ®2 is asserted M, is de-asserted, and so on. This non- 
overlapping action is required for the circuit to function correctly. 

Switched capacitors operate on the principle that capacitors store a charge Q. If 
@, is asserted (and @, de-asserted) then the capacitor Cr will be connected to V;. The 
charge stored by the capacitor is given by | 

QO; = CrVi | —_ (Eq. 4.2) 
Now, when @® is asserted (and ®; de-asserted) Cr will become charged to V2. However, 
this time the only charge flowing in the circuit is 


Q2 = CrV2- CrVi = Cr(V2-Vi) (Eq. 4.3) 
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which is the difference between the charge placed on Cp by V2 and the previous charge 

that was placed on Cpr by V;. [Ref. 4] When the transistors (switches) are sini 
alternated the charge flow is 

O3 = CrV1 - CrV2 = Cr(V1-V2) (Eq. 4.4) 

This sequence of events will continue for as long as the circuit is appropriately 


switched. Let us assume that the network is switched at a rate 


as (Eq. 4.5) 


Then the average rate of transfer of charge QO over the period 7, can be considered current 


flow, and can be expressed as 


122 = Af. = f.CaV,-%2) (Eq. 4.6) 


Dividing the difference in potential by J gives us the expression for resistance 


~AaY _ l 
rr ae Ao 


R (Eq. 4.7) 


Equation 4.7 defines the equivalent resistance of a switched capacitor network. 


2. Switched Capacitors in Filters 
The advantage of utilizing switched capacitors as resistors can be appreciated by 


comparing the RC product of a resistor R; and a capacitor Cp. [Ref. 4] Let the product of 


R, and C2 form the time constant tT, given as 
T=RC, (Eq. 4.8) 


Equation 4.1 shows us that this time constant is the determining factor in the filter 


center frequency. Thus it is important to control t as accurately as possible. The 
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dependence of the accuracy of t upon R, and C2 can be found by the following 


expression 


(Eq. 4.9) 


“The worst-case accuracy of t will be the sum of the absolute accuracies of R; and Cy, 
which is very poor if R; and C> are implemented on an integrated circuit.” [Ref. 4] Now 


let us replace R; with a switched capacitor equivalent. The equation for t becomes 


C 
= ——- = T, — 4.10 
T oC (Eq. 4.10) 


Las pcs war ena (Eq. 4.11) 


CLI ote Maid . (Eq. 4.12) 


We may also express the center frequency of a filter realized using switched capacitors as 


O=a iS ~ (Eq. 4.13) 


When constructed on an IC the two capacitances will fairly accurate. However, the ratio 
of the capacitances will by very accurate. Typical tolerances for this ratio are in the 


neighborhood of 0.1% or less. 
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There are several reasons for this tremendous increase in accuracy. As stated 
earlier the parameters of IC fabricated components (resistance per square, capacitance per 
unit area, etc.) are not especially accurate in the absolute sense. These parameters vary 
from day to day, and wafer to wafer. However, the parameters across an individual 
_ wafer, and thus across each chip, are relatively constant. Therefore, if consistent size 
components can be made on the same chip, then their values relative to one another will 
be highly accurate. Fortunately the IC fabrication process, and associated photo- 
lithography, are sneately adept at the layout of consistent size objects. Thus, since we 
have now developed a circuit topology in which the accuracy of the filter center 
frequency is dependent upon a ratio of on-chip capacitors, we have the means to develop 


ICs which maintain very tight tolerances 1n the area of interest. 


D. SAMPLED DATA SYSTEMS 


IL. Transformations | 
In order to further develop the concepts of switched capacitor systems one must 


step back and examine some of the basic underlying operating principles. An analog 
signal is a signal which is continuous in both time and amplitude. A digital signal is a 
signal which is discrete in both time and amplitude. [Ref. 4] The operation of a switched 
capacitor system lies between these two definitions. Switched capacitor systems are 
sampled data systems. That is, due to the switching required for correct operation, they 
are discrete in time, but continuous in amplitude. 

An appropriate analysis tool for sampled data systems is the z-transform. 
However, since filters are typically specified by frequency domain requirements, it is 


helpful to have a mathematical expression that allows us to transform rational s-domain 
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transfer functions to rational z-domain transfer functions. In general, to be useful, such 
an expression should also possess two qualities: 
1. Stable s-domain transfer functions map into stable z-domain transfer functions. 


2. The imaginary jw-axis of the s-plane maps onto the unit circle of the z-plane. 


Item 1 ensures that our transformed z-domain transfer function will be stable. 
Item 2 ensures that not only will they be stable but that the shape of the gain response can 
be preserved. [Ref. 5] 

There are four transformations which have been used to synthesize switched 
capacitor networks. [Ref. 5] These transformations include the Backward Difference 
(BD), the Forward Difference (FD), Bilinear, and Lossless Discrete Integrator (LDI). 

Previous work in this area [Ref. 6, 7] has shown that the bilinear transformation is 
the appropriate method for a circuit such as that used in this project. The equation of the 


bilinear transformation is 





1 714+2 
tf Eq. 4.14 
s. 21-27 (Eq ) 
or 
i541 | | . 
s=.2 | (Eq. 4.15) 


Figure 4.3 shows the s-to-z plane mapping of this transformation. 
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Z - Plane 


Figure 4.3: Illustration of the Bilinear Mapping 


Z. Side Effects of the Bilinear Transformation 
‘The bilinear transformation exhibits additional properties which must be taken 


into account. The best known, and most important, of these properties is the frequency 
warping effect. This frequency warping is a direct result of the nonlinear relationship 
that exists between the analog frequency w,, where s, = j@,, and the sampled data domain 
_ frequency @, where z = e/”’. [Ref. 5] We may illustrate the side effect by substituting s, 


= jo, and z = e’”” into Equation 4.15 and dividing both the numerator and denominator 





by 2 giot/2 
oT or 
a” = tan —— (Eq. 4.16) 
2 2 
Then solving for a, 
2 Oar | 
@ = —tan | — 4.17 
; | (Eq ) 
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Equation 4.17 gives the difference between frequencies in the analog and sampled data 
domains. This warping effect comes from the seietiaieaiiad of a straight line in the s- 
domain into the unit circle of the z-domain. [Ref. 6] 

There are two ways in which a designer can compensate for this effect. One 
method is to prewarp the cutofi and stop band edge frequencies according to Equation 
4.17 [Ref. 5] Another ae is to minimize the warping effect all together. The 
warping can be reduced to negligible levels if a clock frequency of at least ten times 
greater than that of the analog signal frequency is maintained. [Ref. 7] This latter 


method is the approach which will be used in this project. 


E. THE FLOATING BILINEAR SWITCHED CAPACITOR RESISTOR 


There are numerous different network topologies which can be used to implement 
switched capacitor resistors. [Ref. 4, 5, 7] One such topology which has proven to be 
successful is the Floating Bilinear Switched Capacitor Resistor, or simply the Floating 
Bilinear Resistor (FBR). [Ref. 5, 6, 7] The sien configuration of the FBR is shown 
in Figure 4.4. The goal of this section will be to develop an equation for the equivalent 


resistance of this network. 


dB; 


Figure 4.4: Floating Bilinear Resistor 
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The ‘e’ in the figure denotes ‘even phase’ while the ‘o’ denotes ‘odd phase’. As 
previously stated these phases must be non-overlapping in order for the circuit to 
function. If we allow the clock period to be denoted by t, then the period 7 = 1/2 is the 
time during which similar entities (the e’s or the 0’s) are closed. Then the instantaneous 
charge at either node, for the even and odd sampling periods, is Ag(kT). Then, if we 
write the nodal charge equations we get [Ref. 5] 


For the even &T times: 


Aq} (AT) = Cv; (kT) - Cvy [(k - 1) |- Cv5 (AT) + Cv3|(k - HT] (Eq. 4.18) 


Ags (kT) = Cv§ (kT) — Cvs |[(k -1)T |- Cvi (AT) + Cv? [(k - 17] Eqetl”) 


For the odd kT times: 


Aq? (kT) = Cv? (kT) -— Cv? [(k -1)7 |— Cv? (kT) + Cvs [(k-)T}] Ea. 4.20) 


Ag? (kT) = Cv? (kT)— Cv3[(k - Nr]- Cur (kT) +Cvi[(k-DT] Ea. 4.21) 


If we utilize the z-transform, where Z/u(kT)] = U(z), and Z[u[(k-L)T]] = 2’ UG), 


then with QO = CV, we can obtain the z-transformed nodal charge equations for the FBR 


AQ? (z) = CV; (z)+ Cz?V,(z)-— CV (z)-Cz? Ve (z) (Eq. 4.22) 
AQ? (z)=CV,?(z)+ Cz? V¢(z)—CV (z)—Cz?V¢(z) (Eq. 4.23) 
AQ! (z) = CV; (z)+ Cz? V2 (z)-CV;(z)-Cz?V,(z) (Eq. 4.24) 
AQ? (z)= CV; (z)+Cz*V;(z)-CV,(z)-C2?V; (2) (Eq. 4.25) 
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If we add the two equations for each node, and reduce them we get 


AO, (z)= chs 2? Wy (z)-ch+2* Wy, (z) Eq. 4.26) 
AQ, (z)= C+ 27 Wy, ()-ch+z? Wy (z) (Eq. 4.27) 


Ghausi and Laker [Ref. 5] demonstrate to us that when we are writing nodal 
charge equations we will naturally come across admittances which are not of the usual J- 
V form, but rather of the form y = 4Q/V. We may demonstrate this by looking at the 
equation for instantaneous voltage and current in a resistor, i = Gv, then substitute in the 
discrete time charge relation, and take the z-transform. The resulting z-domain 
admittance for a resistor is 


_ Az) (Eq. 4.28) 





Using the relation of Equation 4.28 we my restate Equations 4.26 and 4.27 as 
AO, (z)= ye (2M (2)- ve (22 (2) (Eq. 4.29) 


AQ, (z)= ya (zV2(z)— ya(2M(2) (Eq. 4.30) 
Thus, with z = e"*, we can say 


yp = Chl +z? | a 4.31) 


st 
2 


or with Z =e 
Vp =C(l+27) (Eq. 4.32) 
Equations 4.31 and 4.32 are the equations for the equivalent admittance of a floating 


bilinear resistor. However, we desire to develop equations which are not dependent on z. 
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We may accomplish this by generating another equation for the z-domain admittance of a 
resistor, and equating it to Equation 4.31 or 4.32. We may generate such an equation by 
first looking at the Laplace domain anita of a resistor, then using the equation of the 
bilinear transformation (Equation 4.15) to change it into the z-domain. [Ref. 5] Table 4.1 
illustrates the Laplace domain admittances of circuit components, and the equivalent 


admittance transformed to the z-domain by the bilinear transformation. 





Circuit Element 


| _Resistor | Inductor 
2 


Z-Domain 
Admittance after 
Bilinear Transform 










Table 4.1: Equivalent Admittances 


_ Then, if we set the equivalent admittance of Equation 4.32 equal to that of table 


4.1, we have, for a half clock cycle 


C(l+z7)= Gell+ 2") (Eq. 4.33) 


2 


We can then solve Equation 4.33 for G, to get 
G =— (Eq. 4.34) 


Similarly, by using Equation 4.31 we may obtain the equivalent admittance for a full 


clock cycle 
Ga | (Eq. 4.35) 
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Thus we have developed the desired equations for the equivalent resistance of the 
floating bilinear resistor. Using these equations one may chose appropriate value 
capacitors and clocking speeds to implement the desired resistance values. This is the 


technique which will be used in the development of the overall filter design of this 


project. 


F. TWO PHASE NON-OVERLAPPING CLOCK 


A crucial portion of any switched capacitor network is the two phase non- 
overlapping clock circuit. It is this clocking circuit which provides the “switching” of the 
“switched” capacitor. Without the proper clocking a switched capacitor network will not 
function properly, or could provide a direct, short circuit path between two voltage nodes. 
Figure 4.5 illustrates the output of such a clocking circuit. 
 @ : 

Von 
V off 1 J ! ! t 


Do | 
4 eee og 


| Figure 4.5: Two Phase Non-Overlapping Clock Output 
The circuitry for the two phase clock is based on a cross-coupled RS flip-flop, and 
is relatively simple. [Ref. 2] Previous work in the area of switched capacitor filters has 


shown that the structure of Figure 4.6 is an appropriate one to use. [Ref. 6] 
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clk 


Figure 4.6: Two Phase Non-Overlapping Clock Circuit 


This is the circuit structure that will be used for the required clocking in this 


project. 
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V. THE GIC FILTER 


A. BACKGROUND 


It has been shown that in order to implement all possible filter types using passive 
components a circuit network must contain resistors, capacitors, and inductors. Modern 
IC manufacturing techniques allow for the accurate construction of capacitors, and 
Chapter 4 demonstrated a method for the elimination of resistors by using switched. 
capacitors. However, we are still left with the problem of inductors. Discrete inductors 
of suitable impedance values are available for use in circuits. However, these inductors 
tend to be large and costly. Additionally, the focus of modern electronics is on fully 
integrated circuits. Integrated circuit manufacture of suitable inductors is very difficult, if 
not impossible. IC inductors take up vast quantities of valuable chip area, and suffer 
from terrible tolerances. How then can we develop the full range of filter types in light of 
the problems involving inductors? 

It was recognized in the 1950s that size and cost reductions, along with 
performance increases, could be achieved by replacing the large costly inductors used in 
circuits with active networks. [Ref. 6] This is not to say that the need for an inductive 
impedance was obviated. Rather, a suitable replacement, or means of simulation was 
necessary. A variety of methods for the simulation of inductances have been developed. 
One of the most important and useful of these methods is the Generalized Immittance 
Converter (GIC) developed by Antoniou et al. [Ref. 10] This circuit is also sometimes 
referred to as the Generalized Impedance Converter. One of the most important 


applications of the GIC is inductor simulation. [Ref. 6] The next section will show how 


a7 


this circuit network containing op amps, resistors, and capacitors can effectively simulate 


accurate inductance values. 


B. | INDUCTOR SIMULATION 


In order to demonstrate how a GIC can be used to simulate inductors we will 
examine the basic GIC circuit. This circuit will be specified with generic impedance 
values (Z;). Network analysis will be used to determine the input impedance of the 
circuit. Once an equation for the input impedance, in terms of generic impedance values, 
is found, then specifications of the impedances required for inductor simulation can be 


made. The circuit network of the GIC with generic impedances is shown in Figure 5.1. 





Figure 5.1: GIC Network for Inductor Simulation 
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We can then begin the nodal analysis of the circuit. We know that the input 


impedance is given by 


(Eq. 5.1) 


The current at the load impedance is 


V, 


dl; en 


(Eq. 5.2) 


Where the second equality stems from the virtual short circuit that exists from the 
input voltage to V4 across the input terminals of the two op amps. Then, if we note that 
the input impedance of the op amps is theoretically infinite, that is, they draw no current, 


we Can see 


V 
1 = 1.=—— Eq. 5.3 
445 Zz (Eq ) 
Then examining the voltage at V3 we find 


V, =V,+1,Z, (Eq. 5.4) 


Next we can substitute in the value of I, from Equation 5.3, and the relation V4 = 


V due to the virtual short circuit, to yield 


Z, | 
V, = 1424) (Eq. 5.5) 


5 


Then if we examine the current I; we find 


(: r Zu -y| 
ese, (Eq. 5.6) 


Z; Z; 
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Where the second equality results from the same substitutions used to generate 


Equation 5.5. We may simplify Equation 5.6 to the following 


eae (Eq. 5.7) 


ae 


Z 5 Z 3 
Here we can note that if we sum the currents at V2, and assume that the op amps 


draw no, or negligible, current then 


I, =I, | | (Eq. 5.8) 


Next, the voltage at V; is found to be 


Vi =V,—-1,2, =V -1,Z, = y —y 2422 | (Eq. 5.9) 
Z; 3 
The current I, 1s given by 
V-V y -vav| 2, ZF 
I, =—2 = —___"_ =) are a (Eq. 5.10) 
Z Z, 2,232; 


Here if we note that obviously I = Ij, then we can write the equation for the input 


impedance of the circuit as 





- Zz 
7,2, 0 (Eq. 5.11) 


v Z,2; 
I 
Thus we have the input impedance of the GIC in terms of generic impedances. 
Next we must chose these impedances so that the circuit functions as we desire, that is, it 
| simulates an inductance. If we choose the components as follows 
Z,=R,, 2,;=R;, Z2,=R,, 2, =R; 


and Z, = —- 
Ss 
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Then substitution of these components into Equation 5.11 yields 


R,R,R 
Z » seca (Eq. 5.12) 
4 
or 
Z,, =SL, where L=c=Ts (Eq. 5.13) 


4 

In others words the capacitor of the circuit will - as an inductor with an 
inductance dieiiseslonsi by the value of the capacitor and the resistances used. This is an 
extremely important result. We have shown that the GIC can be used to effectively 
simulate inductances. Thus we have the means to eliminate another circuit component 
which is difficult and costly to fabricate using modern integrated circuit technology. 

The next section will extend the concept of the GIC one step further. Using a 
slightly more general circuit arrangement we can develop the GIC Filter. The circuit 
network of the GIC Filter will be able to provide all of the basic filter types when the 


components are selected correctly. 


C. GIC FILTER 


The previous section demonstrated the use of the GIC for inductor simulation. 
This result is noteworthy and useful; however, the GIC has even greater application when 
used as a filter. A GIJC filter network is capable of performing all of the basic filtering 
types, with a minimum of component variation. That is, the GIC filter network | 
arrangement remains the same regardless of the filter type. The only change necessary to 


implement a different filter type is a change of a few components. 


4] 








For the development here it is more convenient to work with admittance values, 
vice the impedances previously used. We will also continue the assumption that the op 
amps used are ideal (i.e. exhibit an infinite bandwidth and infinite input impedance). 


Figure 5.2 shows the circuit network of the GIC filter with generic admittance values. 





r 


Figure 5.2: The GIC Filter Circuit Network 


The first goal will be to develop the transfer function of the circuit in terms of the 
generic admittance values. Then we can substitute in values for the admittances in order 
~ to realize the various filter types. Note that two output nodes are specified in the circuit. 
These are-necessary for realization of the four filter types. Transfer functions for each 
node will be developed. 

The first step in deriving the transfer function is to count the circuit nodes, and 
find an appropriate number of equations for those nodes (one equation fewer than the 
number of nodes). At first glance the circuit appears to have six nodes (Vj, and nodes 1- 


5). However, because of the virtual short circuit across the inputs of an ideal op amp, 
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nodes 3, 4, and 5 are at the same potential. Therefore, the circuit actually has only four 
nodes. For clarity in specifying the location at which equations are derived we will 
continue using the notation of the six nodes shown, but make the substitutions V4 = V5 = 
V3 whenever necessary. With only four nodes we only require three equations for the 


circuit. If we sum the currents at the node labeled 5 we have 
(V,-Vj)%,=V;-O%+V;-V)R = vy, VY, =ViY,+VsY,-Vi¥, (Eq. 5.14) 
Then if we sum the currents at the node labeled 3 we get 
V,-V)%=V.-W+G VM = VG-VY=VR+VN-VrY, (Ea. 5.15) 


We can obtain our final necessary equation by summing current at node 4, with 
_ the assumption that the op amps have infinite input impedance (i.e. the op amps draw no 


current). 


(V,-V,%=V,-V,)%, > WY-VY, =V,Y, -VY, (Eq. 5.16) 


Equations 5.14, 5.15, and 5.16 can be used to determine the transfer function of 


the circuit. If we first solve Equation 5.14 for V3 we obtain 


_ UY, +U,Y, — 
"(G+ +%) — 


Next, solving Equation 5.15 for V2 yields 


Gey ay yey (Eq. 5.18) 
yo% 9%  Y, 


Now if we substitute Equation 5.17 into Equation 5.18 we find 
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_VAY,Y, + X,Y, + VY, +ViaY, tViNeNe tViNoNs -Vila¥, -ViVGY, VY, 
- Y,(Y, +¥; +¥s) 
or | (Eq. 5.19) 
Vi(¥,Y,+%Y, +HY,)+V UY, + ¥s%e - YoY, -Vo%7) 
YY, + U,Y5 + YX 


V, 


V, = 


If we then substitute Equations 5.17 and 5.19 into Equation 5.16 we have 


VYYY tM tVVh) 
yy | VEthhh |_| Ve +hhy | | bh ths +h 
" L B+Y, +, Y, +¥,+Y, — VAGYYs + Ye¥o% — YoY, — VY) 
| YY, +Y,Y,+Y,Y 


(Eq. 5.20) 


Finally, rearranging Equation 5.20 yields the transfer function of the circuit for 


output taken at T). 


V, _VYY, +¥%% + NY, -YYNs 
VY, WY+KYYs + hy, +LY% 
or (Eq. 5.21) 
p aM REY +H (h + ¥e)-Vlode 
V, YY, (¥,+¥,)+HY,(%, +h) 


The transfer function for output taken at T, can be found using the same 


procedure. 


V, _VYY, +0 +h, YY, 


mV, VV YOY YY AY YY, 4), 
or (Eq. 5.22) 

V,Y,Y, +Y,¥,¥%_ + YY, - VY, 

VY, (¥,+¥,)+%Y(%, +h) 


fT, Bie 
V, 
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Now that we have the transfer functions of the circuit we may substitute in values 
of the admittances in order to realize the various filter types. For example, if one wishes 


to realize a high pass filter the following admittance values could be used. 


Y=G Y,=G Y,=sC Y,=G 
Y¥,=0 Y,=G Y,=sC ¥,=G 


Entering these values into Equation 5.21 yields 


— (GG0)+(sCsC\KG + G)-(sCGO) _ 2GC’s? 
1 (GGX0+G)+GsC(sC+G) G>+GC’s? +G’Cs 
(Eq. 5.23) 
2.3 2 
ae eet WO 9 
so +—st+— s’ + 


—_ +> 
RC RC’ 


The last equality of Equation 5.23 is the form of a high pass filtering function 
with @, = 1/RC. As previous stated, the GIC filter network can realize all of the basic 
filter types with only a few component variations. Table 51 shows the admittances 
required for each of the various filters, and a specification as to which output must be 
used. Once again, the filter cutoff (or center) frequency is given by @, = 1/RC, while the 
quality factor is given by Qp. 

Examination of the table will reveal several noteworthy characteristics of this 
filter. First, all the resistance values used can be the same, except for one. The one 
different ceeleanee is the sole item which determines the quality factor. Thus, setting or 
modifying the quality factor of the circuit is a straightforward procedure. Second, the 


admittance values of the various filter types are similar. That is, to realize one filter type 
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vice another requires only a small change in the network. For example, a band-pass filter 
and a high-pass filter use the same components, with the simple change of Y7 and Ys 
_ switched. Third, zeros appear several times in the table. Since we are dealing with 
admittance values vice impedances the zeros indicate an open circuit. That is, a zero in 
the table indicates we may simply remove that component from the network, and not 


replace the component with anything at all. 





Table 5.1: Admittance Values for GIC Filter 
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Thus we have determined the transfer functions of the GIC filter network, and 
demonstrated how this network can be used to realize all of the basic filter types. Up 
until this point we have used the assumption of ideal op amps. This assumption is valid 
for basic development, and ead the idealized transfer functions — be used when 
designing a simple GIC filter. However, part of the goal of this project is the design and 
implementation of high accuracy filters. To achieve the desired accuracy we can not treat 
the op amps as ideal. Therefore, the next section will develop the transfer function of the 
GIC filter with non-ideal op amps. This result will also be used later to develop the z- 


domain non-ideal transfer function of the network. 


D. GIC FILTER NON-IDEAL TRANSFER FUNCTION 


Development of the non-ideal transfer functions requires the addition of a non- 
ideal model for the op amps. The main ideal characteristic we have used to this point is 
the assumption that the op amps had an infinite bandwidth. Now we must assume a finite 
bandwidth. A first order model for the op amp finite bandwidth will be used. One could 
use a higher order model for the op amp, but the additional | orders do not provide a 
di eniticant difference in results. Therefore, a first order model is suitable. Equation 5.24 
shows the non-ideal op amp model, where the gain is A, while the unity-gain bandwidth 


is denoted @,. 
A=— (Eq. 5.24) 


The inclusion of this non-ideal op amp model means that the GIC filter circuit can 


no longer be treated as having only four nodes. Rather, the circuit must be examined 
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using the six nodes previously mentioned and shown in Figure 5.2 (Vj plus the five 
numbered nodes. 
Since we have six circuit nodes we require five equations in order to determine 


the transfer function. Those five equations are shown below as Equations 5.25 to 5.29. 


V,=A(V;-V,) (Eq. 5.25) 

V,= A, V,-%,) (Eq. 5.26) 

V(¥, +¥,4+¥,)=WY, +ViY; (Eq. 5.27) 
V,(¥, +¥, + )aVY, + HY, (Eq. 5.28) 
VX +%)aVY +e, (Eq. 5.29) 


Here, in order to simplify the calculations, I will make three substitutions. Once 
the transfer functions have been developed in terms of the substitution variables and 


generic admittance values then we may re-substitute in the values of the variables. 


B=(V,+Y,) (Eq. 5.30) 
C=(Y,+Y,+Y,) (Eq. 5.31) 
D=(¥,+¥,+¥%) (Eq. 5.32) 


Equations 5.25 and 5.26 do not change with the substitutions, however, if we use 


the three substitutions in Equations 5.27 to 5.29 we have the following 
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V. 
: D 

ae VAY, +V,Y, 
C 

peas 
B 


(Eq. 5.33) 


(Eq. 5.34) 


(Eq. 5.35) 


Using these equations we may now begin to solve for the non-ideal transfer 


function. Once again we shall determine the transfer function at T; then state the transfer 


function at T2. The derivation of the function for output at T2 is analogous to that for T}. 


We may begin by substituting Equation 5.35 into Equation 5.25, which yields 


VY, +V,Y. 
r= Ay, A Ph) 


V,(B+AY,)=AV,B-AV,Y, 


Substitution of Equation 5.33 into 5.36 yields 


~ AVA, 


r(B+ AY) = 4.5 21) 


Vy (BD ™ A,Y,D) =v, (4,Y,B = AY,D)+ AV,Y,B 


Substitution of Equation 5.35 into 5.26 yields 


V. = AV, - 4 Aer | 


B 


V,(B a A,Y,)= A,V;B— A,V,¥, 
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(Eq. 5.36) 


(Eq. 5.37) 


(Eq. 5.38) 








Substitution of Equation 5.34 into 5.38 yields 


— A,V,¥, 


VB AY) = Aya AU) 


*. V,(BC + A4,¥,C)=V,(4,¥,B- 4,¥,C)+V,(4,¥,B) (Eq. 5.39) 


Then if we substitute Equation 5.37 into 5.39 and algebraically manipulate the 


values we get 


V,(A,Y,B-A¥,D)+ AV,Y,B 


K(BC+ ALKC)= [2B A.KCI] | (BD + AY,D) evar 
173 


». V,[(BC + 4,¥,CXBD + 4,Y,D)-(4,¥,B - A,Y,DXA,Y,B-4,¥,C)] = 
V,|(A,Y,BXA,Y,B - 4,¥,C)+(4,¥, BX BD + AY,D)| 





an A,Y, BD + A,A,(V,Y,B + Y,¥,D —Y,Y,C) 
V. BCD+A,Y,CD+ AY,CD+ A,A,(Y,Y;,C + ¥,Y,D-Y,Y,B) 
a BD |+ (1,84 HY,D-KLC) 
ee (Eq. 5.40) 
i BCD +¥CD—+Y,CD—+(¥,Y,C +¥,Y,D-Y,Y,B) | 
A, A, A, A, 


Equation 5.40 represents the non-ideal transfer function at T; in terms of generic 
admittance values, the three substitution variables used (B, C, & D), and the non-ideal 


amplifier gain A. We must now substitute back in the values of B, C, and D, and also 
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enter the first order model for the amplifier gain. The expansion of the three substitution 


variables results in the following. 


(Eq. 5.41) 
NEE yyy yoy ev) WU ¥ 


A 
VWs (V+¥+2K Sa asar 4¥+¥) ¥V4+¥+0(¥ 44-42) 
i ¥+y, LEN HG He) Bet Hah He) Sel + EM yy hanya) ede 
AA, A, 4, 
Finally, entering the first order non-ideal op amp model and simplifying yields the 


complete non-ideal transfer function for output taken at T}. 


| (Eq. 5.42) 
: LARC Laos aa aeanaean anand 
@ 
YSERA SANGHA 2 URN HO dele ahem) 
hb 4 4 


By similar means the non-ideal transfer function for output taken at T2 can be 


found to be 


Examination of the non-ideal transfer functions shows that, indeed, for ideal op 
amps (@, © ) the equations simplify to those equations found in the previous section. 


One can also see that with the non-ideal op amps and generic admittances the transfer 
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functions are second order. Therefore, if we substitute in values for the admittances 
based on Table 5.1 the resulting filter equations will be fourth order. 

We have now developed all of the relevant concepts involved with the basic GIC 
and GIC filter. We have seen how the GIC can be used to simulate inductances, and how 
the GIC filter network can be used to realize any of the basic filter types. We have also 
developed both the ideal and non-ideal transfer functions of the GIC filter in terms of 
generic ilies values. The next chapter will delve into some advanced concepts of 
the GIC filter. The method of implementing the GIC filter so that it is digitally 
programmable and suitable for IC fabrication will be shown. Additionally, the z-domain 


transfer function of the GIC filter will be developed. 
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VI. ADVANCED GIC DEVELOPMENTS 
The previous chapters have introduced and developed several basic and important 
topics. This chapter will integrate several of these basic topics, and develop some of the 
advanced concepts necessary for this project. The first section will present a method for 
determining the z-domain transfer function of switched-capacitor GIC filters. The second 
half of the chapter will be devoted to the development of the circuit which is the goal of 


this project — a digitally programmable GIC filter. 


A. THE Z-DOMAIN TRANSFER FUNCTION 

Chapter V developed the concept of the GIC filter and showed how it could be 
used to realize any of the basic filter types. However, the GIC filter of Chapter V relied 
on discrete components, which included resistors. In order for this design to be 
applicable in modern IC manufacturing we must eliminate the resistors. The use of 
- switched-capacitors will allow the manufacture of highly accurate resistance values. By 
using switched-capacitors we bring the operation of the filter into the sampled data realm. 
Thus, the z-domain transfer function becomes the appropriate way . specify the equation 
of the filter. The development of this transfer function will rely upon the previously 
developed s-domain transfer functions, and on the concept of z-domain equivalent 
admittances. [Ref. 6] 

Chapter IV introduced switched-capacitors, and stated that the Floating Bilinear 
Resistor (FBR) was an appropriate equivalent resistance for this circuit. Figure 6.1(a) 
repeats the diagram of FBR, while Figure 6.1(b) shows a more convenient diagram in 


which the switches have been replaced by passgates. The notation inside each passgate 
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indicates the clock cycle in which the gate is active (i.e. the clock cycle during which the 


switch is closed). 


@ (b) 


Figure 6.1: The Floating Bilinear Resistor 


Ghausi and Laker [Ref. 6] have developed a novel and effective method of 
determining z-domain transfer functions. Their method involves substitution of z-domain 
equivalent circuits for the various s-domain components, then analyzing the resulting 
overall equivalent circuit. In developing the z-domain transfer function of the GIC filter I 
will use a combination of the Ghausi / Laker substitution method, along with the use of 
the generic admittance s-domain transfer functions developed in Chapter V. : 

The first step in the development is to perform the Ghausi / Laker substitution. 
With the use of switched-capacitor resistances all the GIC filter admittances are now 
either floating sapaiiors or FBRs. Figure 6.2 diagrams a floating capacitor, and its 


Ghausi / Laker z-domain equivalent. 
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Figure 6.2: Z-Domain Equivalent of Floating Capacitor 


Figure 6.3 shows the Ghausi / Laker z-domain equivalent of the Floating Bilinear . 


Resistor. 





Figure 6.3: Z-Domain Equivalent of Floating Bilinear Resistor 


It should be noted that the floating capacitor and the FBR are special cases of the 
Ghausi / Laker z-domain equivalent components. These two components have z-domain 
equivalents that are far simpler than those of other components due to symmetry of the 
circuits and switching. 

In the z-domain equivalent circuits the block components are z-domain 
admittances. These admittances have magnitudes as shown, and, more importantly, are 


subject to the same rules as standard admittances. Specifically, admittance values in 
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parallel can be added to form an equivalent admittance. I will use this property to further 
simplify the z-domain equivalent circuits. The result is a lumped z-domain admittance 
| for each type of component in the switched-capacitor GIC filter. These lumped z-domain 
admittance values can then be entered into the generic admittance transfer functions 
developed in Chapter V to find the full pone transfer AiNction of the switched- 
capacitor GIC filter. 

Table 6.1 shows the simplified (lumped) z-domain equivalent for each of the - 


components of the switched-capacitor GIC filter. 


Lumped Z-Domain Equivalent 


S-Domain Circuit Component Admittance 


Floating Capacitor 


Sant 
i] 
—_ 
72) 
© fel 
7) 
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Table 6.1: Lumped Z-Domain Equivalent Admittances 
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The GIC filter with generic admittances shown in Figure 5.2 remains the same 
regardless of what domain of operation is used. If continuous time analog components 
are used then the appropriate s-domain admittances should be entered for values Y, to Yg. 
Equations 5.21 and 5.22 then yield the s-domain ideal transfer functions, while Equations 
5.42 and 5.43 yield the s-domain non-ideal transfer functions. However, if a switched- 
capacitor implementation is planned, then the lumped z-domain equivalent admittances 
shown in Table 6.1 are entered for Y, to Yg. Equations 5.21 and 5.22 then yield the z- 
domain ideal transfer functions, while Equations 5.42 and 5.43 yield the os non- 
ideal transfer functions. Thus, we have developed a straightforward method for 
determining both the s and z domain ideal and non-ideal transfer functions of the GIC 
_ filter. 

At this point examination of an example would be useful. Let the goal be to 
_ develop the information necessary to implement a switched-capacitor GIC filter. Let the 
filter parameters be: 

High-Pass Filter 

®p = 5000 rad/s 

Clocking Frequency f; = 1 MHz 

Quality Factor = 4 

Assume Ideal Op Amps 

Assume Resistive Impedance Magnitude = 1 kQ 

Then, we can = Equation 4.35 to find dis magnitude of the capacitor used in the 
FBR to be 


C,= = = 0.25nF where 7 = - (Eq. 6.1) 


s 


We can also find the magnitude of the floating capacitor to be 
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C= = 0.2 
oe LF (Eq. 6.2) 


P 





Then, if we refer to Table 5.1 to determine which type components are used for 
each admittance, but we use the z-domain equivalent admittances developed above, we 


find the circuit elements to be 


Y, > FBR with Cy = 0.25 nF »¥=C, (+24 
Y, => FBR with C, =0.25 nF ~Y, =C,(l+ go 
Y, => Floating Capacitor withC =0.2 uF. Y, = ch wig 
Y, = FBR with C, = 0.25 nF 1, =, (+27) 
Y, => Open Y; =0 

Y, => FBR with C, = 0.25 nF 2Y,=C, +27] 


Y, => Floating Capacitor with C=0.2 uF ..Y, =C\l—-z? 


Xs = FBR with Cro =k = 625 pF Y, -C2{ +24) 


P . p 
Then, Equation 5.21, and the z-domain admittances, can be used to determine the 


z-domain transfer function of the filter. 


LA _WY,Y; + YiY3Y, + Y4YY, -YYs¥e 
Vi ” YY,Y, + VY,Y, +4, + YY, 


i 


sce ce) ee toe) cea 
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| 5 e (Eq. 6.4) 
T= 2C,C°-z 2_gliz? | 


2 2 2 2 : 
c4c.c74+ Ea ct SEL 4 occ El 4 ac,c2 28/4 
R TCR O RR O R—“R O RT\R 


P P P 


Equations 6.3 and 6.4 each represent the ideal op amp z-domain transfer function 
of a high-pass GIC filter. Returning to our specific example, all that remains is to enter 
the values of Cr, C, and Q,. In order to demonstrate the transfer function, and the 
filtering circuit, a MATLAB simulation of the example was performed. Figure 6.4 shows 
the resulting magnitude response with a log scale x-axis, and Figure 6.5 shows the 
magnitude response with a linear scale x-axis. These figures clearly illustrate that the z- 
domain transfer function is indeed a high-pass filtering function with a, = 5x10° rad/s 
Thus, the procedure and the equations are correct. The ideal and non-ideal z-domain 
transfer functions of each of the filter types can be found using the same technique. 

We have now demonstrated how the concepts presented in the previous chapters 
can be used together in order to specify and implement a switched-capacitor GIC filter, 
and determine its z-domain transfer function. This implementation would be suitable for 
integrated circuit fabrication. However, a variable parameter filter would prove to be far 


more useful. The next section will present the development of just such a filter design. 
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Figure 6.4: Magnitude Response of Z-Domain Transfer Function (x axis log scale) 
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Figure 6.5: Magnitude Response of Z-Domain Transfer Function (x axis linear scale) 
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B. DIGITALLY PROGRAMMABLE GIC FILTER 

In order for a filter to have maximum utility its parameters must be variable. In 
this project we will seek to develop a filter which is programmable (variable) in filter 
type (topology), center or cutoff frequency, and quality factor. Such a filter would be 
useful in a wide variety of roles. 

The first step will be to decide how, and to what extent, the parameters of the 
switched-capacitor GIC filter will be varied. This filter should be able to interface with, 
or be controlled by, digital computer systems. Thus, digital control inputs are 
appropriate. Here we must again take manufacturing constraints into consideration. 
Often, one of the limiting factors in IC design, fabrication, and cost is the total number of 
input / output pins. A minimum number of pins should be used in order to keep circuit 
complexity and cost down. As a design choice this circuit will use an 8 bit (1 byte) 
sont input. This will allow for several selections of each parameter, but still keep the 
| circuit simple. Future designs could add more control bits in order to provide greater 
variability. The 8 bits will be divided into groups to set each of the variable parameters. 
Figure 6.6 shows the control byte and how it is divided to allow for selection of the 


parameters. 


Quality Factor 
Selection 


—Ss 
a, a 


Topology Frequency 
- Selection Selection 





Figure 6.6: Programmable GIC Control Byte 
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1. Programmable Topology 
It has been previously mentioned that the GIC filter can realize each of the four 


basic filtering types with only a small number of changes of components. To make the 
filter programmable we must provide all the necessary components, and a method to 

switch them as necessary for the desired topology. The two bits of the control word 
dedicated to topology selection (S; and S2) allow four discrete values — one for each of 
the filter types. These control inputs will be used to drive a combinational logic section 
that controls a network of passgates. The passgates will effectively switch in and out 
circuit components as necessary in order to realize the four filter types. The passgates 
will also select the correct output node for the filter topology so that only one dedicated 
filter output is required. Table 6.2 shows the topology selection inputs and the 


corresponding filter type that is realized. 





Table 6.2: Filter Topology Selection 


The truth table of the required topology selection logic is shown in Table 6.3 
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Topology Control Outputs 
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Table 6.3: Topology Selection Logic Truth Table 


The combinational circuitry to implement the truth table is shown in Figure 6.7. 


( {T1, T17 
Si{ > 
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Figure 6.7: Topology Selection Logic Circuit 
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T16 


Figure 6.8 shows ii circuit network of the GIC filter with pro samuiable 
topology. In places where a resistive admittance is needed a switched-capacitor Floating 
Bilinear Resistor is used. Careful examination of Figure 6.8 will show that when the 
circuit.is controlled as indicated in Table 63 the correct components are realized for the 
various filter types. Thus we have achieved the programmability of one of the filter 


parameters. 


T15 





Figure 6.8: GIC Filter With Programmable Topology 








2. Programmable Frequency 
The next parameter that we wish to make programmable is the filter cutoff (or 


center) frequency. In the GIC filter this frequency is determined by the values of the two 
floating capacitors. To make the filter programmable in frequency we have only to 
replace these capacitors with programmable capacitors. Here we will utilize the fact that 
capacitors in parallel can be added together to form an equivalent capacitance. By 
networking four capacitors in parallel, with passgate switches to control the connections, 
we can realize a programmable capacitance. Figure 6.9 illustrates the simple network 


required to implement a variable capacitor. 


Figure 6.9: Variable Capacitor Network 


In this figure the value Cs represents a unit capacitance. The passgates are now 
labeled F##, to indicate that they control frequency in the filter. The logic network 
needed to control the two variable capacitors in the filter is extremely simple. The bits of 
the control word which are dedicated to frequency selection (S¢, Sz, Ss) are simply 
buffered and sent to passgates in the two variable capacitors. Figure 6.10 illustrates this 


control logic. 


65 


s.[)—————_->——____] F21, F24 
$0 
Ss, _ D—————_>—__IF19, F22 


Figure 6.10: Frequency Selection Logic Circuit 


The truth table of the frequency selection logic is straightforward, and is shown in 


Table 6.4. 
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Table 6.4: Frequency Selection Logic Truth Table 
The unit capacitance used in this project is Cs = 3 nF. Table 6.5 shows the 


frequency selection inputs, and the resulting capacitance and cutoff (or center) frequency 


set by the inputs. 
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Table 6.5: Frequency Selection Results 


Then, in order to realize a GIC filter that is programmable in both topology and 
frequency we simply must insert the variable capacitors in place of the two floating 
capacitors. Once again it should be noted that if more bits are allocated for frequency 
selection then a aii range of frequencies, or smaller step size are values, can be 
achieved. The number of bits used, and the frequency selections available, in this project 
illustrate the concept while keeping the overall circuit relatively simple. Extension to a 
greater number of control bits and frequency choices is easily accomplished. Figure 6.11 


illustrates the GIC filter with programmable topology and frequency. 
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Figure 6.11: GIC Filter With Programmable Frequency and Topology 


3. Programmable Quality Factor 
The final parameter that we wish to make programmable in the GIC filter is 


quality factor. In the GIC filter the quality factor is determined by the value of a single 
resistive admittance. This allows for control of the quality factor simply by controlling 
that admittance. This project utilizes switched-capacitors as resistive elements. 


Therefore, a variable capacitor network, similar to that used for frequency selection, can’ 
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be used to control the quality factor as well. The simple variable capacitor network used 
in the frequency selection allows only integer multiples of the unit capacitance. In 
filtering circuits a flat magnitude response is often desired. To implement a flat 
magnitude response a quality factor below unity is necessary. Therefore, a slightly more 
complex variable capacitor system is required for quality factor programming. When this 
variable capacitor is combined with the passgates appropriate for a switched-capacitor 
admittance the result is a variable Floating Bilinear Site Figure 6.12 shows the 


variable Floating Bilinear Resistor used for quality factor control. 





Figure 6.12: Variable FBR Network for Quality Factor Control 


Table 6.6 shows the truth table of the quality factor selection logic, while Table 
6.7 shows the inputs required to achieve a desired quality factor. The bit patterns 
associated with the various quality factors were chosen to simplify to logic necessary to 
control the switches. Also, with the simple variable FBR network used in this project 
two bit patterns of the quality factor control bits were not needed. These bit patterns are 


available for future use, as indicated in Table 6.7. 
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Table 6.6: Quality Factor Logic Truth Table 
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Table 6.7: Filter Quality Factor 


The combinational logic needed to control the filter quality factor is shown in 


Figure 6.13. 
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Figure 6.13: Quality Factor Selection Logic Circuit 


Then, if we include the variable FBR for quality factor control in the GIC filter 
we have developed previously, we have the desired GIC filter with programmable 
topology, frequency, and quality factor. Figure 6.14 shows the circuit diagram for this 


filter. 
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Figure 6.14: GIC Filter With Programmable Frequency, Topology, and Quality Factor 


Thus, by integrating the GIC filter network, switched-capacitor resistances, digital 
control logic, and the strengths of modern IC fabrication, we have developed the circuit 
_ which was the goal of this project — an accurate, digitally programmable, analog-to- 


analog filter which is variable in topology, frequency, and quality factor. Figure 6.15 








shows the complete circuit diagram for this filter, including the switched-capacitor 


resistances. The next chapter will deal with the VLSI implementation of this design. 
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Vil. VLSI IMPLEMENTATION 


The final step in the design of the programmable GIC filter is to ‘isisniiac the 
Very Large Scale Integration (VLSI) implementation. The design considerations of this 
chapter combine all facets of the previous chapters, and add to them consideration of IC 
fabrication techniques and limitations imposed by the particular fabrication method 


available for this project. 


A. _ DESIGN TOOLS AND FABRICATION METHOD 

The design tool used in this project was the Cadence integrated circuit 
development software suite. The Cadence software suite is a complicated system, but 
represents the state of the art in integrated circuit development at the time of this project. 
There are several required steps in the creation of a new design or custom IC when using 
the Cadence software. These steps are: 

> Create a library 

> Create a cell category 

> Create a new schematic design using the Composer tool 

> Create a symbol using the Composer tool 

> Simulate the schematic design using Spectre 

> Create the circuit layout using Virtuoso 

> Perform a design rule check 

> Create an extracted version of the layout 

> Cross check the layout with the schematic 


> Simulate the layout using Spectre 
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_ All of these steps were conducted for each component and functional element in 
the design. The final products, the circuit layouts of each component, are shown in 
Appendix B. The procedure used to perform each of these steps is detailed in Ref. [11]. . 
Additional information regarding the basics of VLSI design is also contained in Ref. [3]. 

Integrated circuit design must also take into account the planned methods of 
fabrication. The circuit of this project has been designed for fabrication using the MOSIS 
scalable CMOS design technology. The MOSIS scalable CMOS design rules specify a 
twin-tub process with drawn feature sizes ranging from 2.0 pm down to 0.6 pm. Other 
features of the MOSIS scalable CMOS design technology include three layers of metal, 
and two layers of poly-silicon. The dual layers of poly-silicon are very useful in the 
production of IC capacitors. Reference [12] contains the complete specification of the 


MOSIS scalable CMOS design rules. 


B. | VLSILAYOUT 


1. Low Level Cells 
The first step in the VLSI implementation of the design was the construction of 


several low level cells. These low level cells could then be used throughout the design. 
Table 7.1 lists the low level cells which were developed, and their functions. Brief 
descriptions of the nine cells are included below. 
> inv_ log: This is the standard logic inverter in this design. This 
inverter is used throughout the logic sections, and anywhere a general 


purpose inverter is required. 


> inv_cl: This inverter is used at the input of the two phase clock 
circuit. It is similar in design to inv_log. 


> inv _c2: This inverter is used within the two phase clock circuit. It 
features wider gates than inv_cl. 
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> inv_c3: This inverter is used at the output of the two phase clock 
circuit. It achieves larger effective gate widths through a multi-finger 
design in order to provide increased drive capability. 


> passgate: This is a standard passgate. It consists of minimum size n 
and p FETs, and is used to implement the switching in the switched 
capacitors. | 


> passgate_si: This is a “single input” passgate. Here “single input” 
means that the gate requires only the control signal, not the complement of 
the control signal. This gate is a combination of an inverter and a 
passgate. 


> buffer: This is a standard logic buffer. It consists of two inverters 
connected in series. It is used in the frequency logic section, and 
anywhere a buffer is needed. 


> nand2: This is a standard 2 input NAND gate. It is used throughout 
the logic subsections. 


> nor2: This is a standard 2 input NOR gate. It is used within the two 
phase clock circuit, and throughout the logic subsections. 


[—CeName | _—————~‘Fametion SS 


Single Input Passgate | 
does not require control signal complement 
Standard Buffer 


Table 7.1: Low Level Cells Used in Design 












79 





A SPICE transient analysis of each of the low level cells was performed in order 
to determine their operating characteristics. The transient analysis simulated each of the 
cells with no load, a one inverter load, and a 100 fF load. Table 7.2 shows the results of 


this analysis. All of the entries. given in the table are in nano-seconds. 


aL teeth te 
Cel | Tr Tpry Tray Tr Tr Tern Tru! Tr Tr Tern Tem 
itn] fos soso om 
Ta] ar [as [ae] ooo [oo [035 |r om [os [om 
Es I OSes 
i fein ss 
mono ov sm oom 


Table 7.2: Low Level Cell Transient Characteristics 
























The layouts of each of the low level cells are shown in Appendix B. The next 


step in the process was the development of the functional blocks of the GIC filter. 
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2 GIC Functional Blocks 
Once the design of the low level cells was complete they were used to develop the 


functional blocks of the GIC filter. The functional blocks required to implement the GIC 


filter are listed below: 


> Two Phase Clock 

> Bilinear Switched Capacitors (Floating Bilinear Resistors) 
> Frequency Selection Logic 

> Quality Factor Logic 

> Topology Selection Logic 

> Variable Capacitor #1 & #2 


> Op Amp #1 & #2 


Figure 7.1 shows the floorplan of the GIC filter, and the required functional 


blocks. The layouts of each of the functional blocks are shown in Appendix B. 





Op Amp #1 


~ Op Amp #2 
Variable Capacitor Variable Capacitor 
#1 #2 


Figure 7.1: GIC Filter Block Diagram and Floorplan 






Bilinear Switched Capacitors 








Topology 
Logic 


Frequency 
Logic 


Quality 
Factor 










$1 


3. Chip Floorplan and Operation 
The chip area available in the MOSIS process allowed for the placement of 


multiple GIC filters on the same chip. It was decided that two independent GIC filters 
would provide the greatest utility. These filters could be used individually, or cascaded 
to produce a higher order filtering function. With two fully pro srammable GIC filters on 
the chip there was still open area remaining; however, there were not enough pins 
available for another filter. The most critical elements in GIC filters are the op amps. 
Therefore, two additional op amps were included on the chip. These op amps have inputs 
and outputs which are independent of the filtering circuits. Thus, the extra op amps can 
be used to determine the operating characteristics, specifically the unity gain bandwidth, 
of the op amps internal to the filters. | 

The floorplan and pad assignment of the overall chip design are shown in Figure 


7.2. Table 7.3 provides an explanation of the function of each of the pads used on the 


chip. 


82 





Quality Frequency Topology 
Factor A Logic A Logic A Variable Variable 
Capacitor #1A | Capacitor #2A 


Op Amp C 


Op Amp D 


OUT 


Q. 


+ IN 


Variable Variable 
Capacitor #1B Capacitor #2B Topology Frequency Quality 
Logic B Logic B Factor B 


Analog 
Vss 2 


| ote | 

Bilinear Switched Bg 
PAD $8 $7 Digital | Digital CLK 
GND B B VssB | GNDB B 


Figure 7.2: Overall Chip Floorplan and Pad Assignments 
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PAD CLK Digital | Digital OUT $7 PAD 
A Vdd A | GNDA A A Vdd 
Two Bilinear Switched Op Amp #1A 
Phase Capacitors A 
Clock A 


OpAmp#2A 


Analog 
Vdd A 


Analog 
Vss A 
+ IN 


- IN 


OUT 


PAD 
GND 





a 


we [ricer 


Table 7.3: Explanation of Pad Functions 
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Operation of the chip is relatively straightforward. The first step in testing or use 
is to provide power and ground to the appropriate pads. Both pads marked Digital Vdd, 
and both those marked PAD Vdd, should be connected to a +5 volt power supply. Both 
pads marked Digital GND, and both those marked PAD GND, should be connected to 
ground. The two pads marked Analog Vdd should be connected to +15 volt power 
supply, and those marked Analog Vss should be connected to —15 volts. | 

With these connections made the test op amps (C & D) can be used. The inputs 
and outputs of these op amps are shown in the floorplan diagram. The op amps function 
in the same manner as standard op amps, and can be used to determine the characteristics 
of the op amps within the filters. 

To utilize the GIC filters a clock signal must be supplied. The GIC filters have 
independent clock inputs (CLK A & CLK B), each of which should be connected to a 1 
MHz clock signal. Variation of the clock signals from the 1 MHz value will alter the 
effective resistances of the switched capacitors in the filter. The filter should continue to 
function at different clock rates; however, due to potential warping effects, the fod 
frequency should be kept approximately 10 times that of the filter corner frequency 

Once all the power, ground, and clock inputs are supplied the GIC filters may be 
used. The selection inputs (S1 —> $8) of each of the two GIC Filters must be set to either 
ground or +5 volts according to the desired filter characteristics detailed in Chapter 6. At 
this point the filter is ready to receive input and generate output. The _ GIC filters may 
be used independently, or may be cascaded through external connections to realize higher 


order filtering functions. 
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The magnitude responses of the programmable GIC filter are shown in Appendix 
A. The next chapter will deal with the conclusions and recommendations from this 


project. 
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VIII. CONCLUSIONS AND RECOMMENDATIONS 


A. CONCLUSIONS 


The overall goal of this research was to develop the design and implementation of 
a digitally programmable, analog-to-analog, GIC filter, which was suitable for integrated 
circuit fabrication. Such a filter would be useful in a wide range of applications, 
including communications, control systems, and signal processing. This project has been 
the continuation of research into the area of integrated circuit, digitally programmable 
filters. 

The design of this project = been based on the Generalized Impedance 
Converter filter circuit. This circuit provided two major benefits. First, it was capable of 
simulating inductive impedances. Thus, by using the GIC filter, one of the components 
which is troublesome to manufacture in integrated circuit form was eliminated. This was 
a major step towards the development of an overall design suitable for IC fabrication. 
The second benefit of the GIC filter is its ability to realize any of the four basic filter 
eyes with only a small number of component changes. This characteristic allowed for 
the development of a programmable design through the use of asso ates controlling the 
various components of the filter. 

Switched capacitors provided the next step toward the IC design. Fabrication of 
accurate ee circuit resistors is difficult and costly. By using switched capacitors 
to realize resistive impedances the problematic IC resistors were eliminated. 

Once the overall circuit design had been completed there was a need to develop a 
method for determining the filter transfer function. This research presented a simple and 


effective way to do this by combining the concept of z-domain equivalent circuits, and s- 
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domain generic admittance transfer functions. This method will provide future designers 
with the ability to rapidly determine GIC filter transfer functions, and the component 
values necessary to implement the transfer functions. 

The overall circuit of this project was successfully designed and simulated. 
Appendix A contains the a responses of the filter for its various programming 
settings. As shown in this appendix, the filter is indeed variable in topology, quality 
factor, and frequency. The range of available quality factors, and the range and spacing 
of frequency selections, are a direct result of the number of control bits allocated to 
programmability. The eight bits used for programmability in this project allow a 
demonstration of the filter capabilities, while keeping the overall circuit relatively simple. 
An increase in the number of control bits would allow a greater number of quality factors, 
and a greater range and finer spacing of frequency selections. Appendix B shows the 
VLSI layouts of the components necessary to implement the design as outlined and 


floorplanned in Chapter VII. 


B. | RECOMMENDATIONS 


This research has furthered the programmable GIC filter design. Errors in 
previous designs have been corrected, and a new method for determining the transfer 
function has been developed. The next logically step is the actual IC fabrication and 
testing of the design. This could be the starting point for future work. 

Investigation of the GIC filter eieuil sensitivity to stray capacitance is also 
warranted. The unique GIC design provides a vey low sensitivity to most component 
vacations Research into the effects of stray capacitance could verify that the design is 


stray insensitive, thus further proving the utility of the design. 
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Future design efforts could also include the use of composite operational 
amplifiers in the circuit to increase performance. Composite op amps provided increased 
gain-bandwidth product, and are realized simply by substituting for standard op amps in 
the circuit design. 

There are numerous aspects of the programmable GIC filter design which warrant 
additional research. This area should continue to be studied, and this design further 


refined, for both research value and practical application. 
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APPENDIX A. GIC FILTER MAGNITUDE RESPSONSE 


A. LOW-PASS FILTERING 


1. Low-Pass Filter, Quality Factor = 0.8, All Frequencies 
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2. Low-Pass Filter, Quality Factor =1, All Frequencies 
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3. Low-Pass Filter, Quality Factor =2, All Frequencies 
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4. Low-Pass Filter, Quality Factor =3, All Frequencies 
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5. Low-Pass Filter, Quality Factor = 4, All Frequencies 
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6. Low-Pass Filter, Quality Factor = 5, All Frequencies 
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7. Low-Pass Filter, Frequency = 90.00 kHz, All Quality Factors 
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8. Low-Pass Filter, Frequency = 51.60 kHz, All Quality Factors 
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9, Low-Pass Filter, Frequency = 35.40 kHz, All Quality Factors 
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11. 











Low-Pass Filter, Frequency = 22.80 kHz, All Quality Factors 
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Low-Pass Filter, Frequency = 18.45 kHz, All Quality Factors 
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13. Low-Pass Filter, Frequency = 15.60 kHz, All Quality Factors 
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14. Low-Pass Filter, Frequency = 13.95 kHz, All Quality Factors 
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B. | HIGH-PASS FILTERING — 


1. High-Pass Filter, Quality Factor = 0.8, All Frequencies 
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3. High-Pass Filter, Quality Factor =2, All Frequencies 
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4. High-Pass Filter, Quality Factor =3, All Frequencies 
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5. High-Pass Filter, Quality Factor = 4, All Frequencies 


Magnitude (dB) 
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6. High-Pass Filter, Quality Factor = 5, All Frequencies 
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7. High-Pass Filter, Frequency = 90.00 kHz, All Quality Factors 
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8. High-Pass Filter, Frequency = 51.60 kHz, All Quality Factors 
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High-Pass Filter, Frequency = 35.40 kHz, All Quality Factors 
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26.55 kHz, All Quality Factors 


High-Pass Filter, Frequency 
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22.80 kHz, All Quality Factors 


High-Pass Filter, Frequency 
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High-Pass Filter, Frequency = 15.60 kHz, Ali Quality Factors 
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High-Pass Filter, Frequency = 13.95 kHz, All Quality Factors 
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C. BAND-PASS FILTERING 


1. Band-Pass Filter, Quality Factor = 0.8, All Frequencies 


Magnitude (dB) 





2: Band-Pass Filter, Quality Factor = 1, All Frequencies 
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3. Band-Pass Filter, Quality Factor = 2, All Frequencies 
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4, Band-Pas s Filter , Quality Factor =3, All Frequencies | 
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5. Band-Pass Filter, Quality Factor = 4, All Frequencies 
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6. Band-Pass Filter, Quality Factor =5, All Frequencies 
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8. Band-Pass Filter, Frequency = 51.60 kHz, All Quality Factors 
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9. Band-Pass Filter, Frequency = 35.40 kHz, All Quality Factors 
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10. _Band-Pass Filter, Frequency = 26.55 kHz, All Quality Factors 
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11. Band-Pass Filter, Frequency = 22.80 kHz, All Quality Factors 
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12. Band-Pass Filter, Frequency = 18.45 kHz, All Quality Factors 
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13. Band-Pass Filter, Frequency = 15.60 kHz, All Quality Factors 
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14.  Band-Pass Filter, Frequency = 13.95 kHz, All Quality Factors 





D. NOTCH FILTERING 


1. Notch Filter, Quality Factor = 0.8, All Frequencies 
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2: Notch Filter, Quality Factor = 1, All Frequencies 
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3. Notch Filter, Quality Factor =2, All Frequencies 
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4. Notch Filter, Quality Factor =3, All Frequencies 
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5. Notch Filter, Quality Factor = 4, All Frequencies 
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6. Notch Filter, Quality Factor = 5, All Frequencies 
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i Notch Filter, Frequency = 90.00 kHz, All Quality Factors 
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8. Notch Filter, Frequency = 51.60 kHz, All Quality Factors 
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9. Notch Filter, Frequency = 35.40 kHz, All Quality Factors 


Magnitude (dB) 


10. Notch Filter, Frequency = 26.55 kHz, All Quality Factors 
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11. Notch Filter, Frequency = 22.80 kHz, All Quality Factors 
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12. Notch Filter, Frequency = 18.45 kHz, All Quality Factors 
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Notch Filter, Frequency = 15.60 kHz, All Quality Factors 


13. 





§ % 
(qp) apnjtuseyy 


= 13.95 kHz, All Quality Factors 


Notch Filter, Frequency 


14. 





6 


5 


4 








- a ) 
(ap) opnjludey 


118 





A. 





APPENDIX B. VLSI LAYOUTS 


LOGIC INVERTER — (INV_LOG) 
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B. INVERTER C1-(INV_C1) 
| 


ii 





il 


a 


i th ila 


ae 111 NE 
am CAT 


sae) | 


m8 
a 


| 


TT 


geo ep eae 8 Pee verre ge get ae ET Y COU FETE ® 


il 


La Hi 
0 


al 


il 


ere e se oe se ww ee HB Be Fee ee 


eared ehh Clim we aie ce 


ee ! ee 


mm of : 
1 
i 
a 


| 


YY 


ey toot 


VM A 


re eee ee oe 
2 6 aro 


bh AEE Eee S2> Fb 0 emda ee etter be dae fee Re dee doe 


var ee ee ee ee tae 
pd ee 
beapbydedas)ebedape - 

iN ' : bpapoaspayraabesede 
AT td tod ’ Perea ees EFTIEC EEE ' NSANASAA, apdrbadphutregay 


oie ae ee eee 


Fevers: Ee 
serererrse 


> 
4 


m4 


__ 


=pedepeee 


” 
¢ 
(A 

ae 

4¢ 
ts 
v 


byipapdpapeerar 
preps vere 


ARE TARAS eek, 


Bie Rs i ae 


4h 
ie. 


PALA ¢ 
AT 
BOD ASF ES 


5445 


Os 4, 
Ants 
2.02 


ht 


Pe ae a 
La4tb he bf 


eee heh il ci ek eed be ee oe oe PAT SE EES CR ROR RED Ree eRe Ps 


ee t cf ATS EA CS TAGS Sh DEER: a) 
+14 ¢t4) . 


iyeqe 


tt ae et Nae are ott ed Fat At aA ae Le Ah 
e 


ou - at ae ar op, es 
De A, St ee oy | 
+ 


SULPRELGLPESRSRUPRLERERECERTSERS DERELEREATIRECELERPATUPRE A SUPP ITCH 
rhahslees souls i COLE REAPU BA GRT AUS TPT Ra C Rah Ena bess 


oan ew 2 eee tf 


' 
thepe “fe ‘ 
TeeETser ase e bess > v0) ‘ redid 
relasseeasiti} repebebebgbeo.t Lhgae TU Os UR 
it CBRE CERD akoet SASEEaDGofegedegnds pede pager ertssie 
TET HO ROHR PUPLBRE LOSE RE CER SER” sanpepepogogagsgedetagegags tr Cegatrt ere 
shee ereberebetebesel: gaede ‘ at 
ape yeresy VEER PLS CAKERREDES HE: oe Seky arse 3 
F Tpees coe gePececebuse rT 
T cUCMUPE SEGRE EAEEREESE rt 
Lerten CaEDECEDTAEDEDERE ete: i 
rs i : Kpeeapsppareeey I . 
: bee eats ’ u eps atpenysubnny rf 


Crigepiacocpipsazacicuriolyaraniybarpenaassepe gett ebese 


120 








C. INVERTER C2 - (INV_C2) 


Mi 


i 





Hi u 
Let 
=< 


Sus eee ce 


gg 


era Tie ami | 
/ 


nm | 1 ta 


I aod |) il 
i 


ima i 













a 


: 





es 





re ee ee 


ee ee 


re 


ec) 


Pr 


LL 


Cr 


lll 


re 


ee 


lll 


ee eR i i OF i RE EE SF OS SR OE lk GR LES Ger ed Dh Se et pt a A ee ie oe ie eR corer 
@ eh ee Ow . - 5 ee ee) 





— 





oarwaindine 


Crt) 


A 
Ivevseive ee) 


bye ab aSAs gees t Sie verpehel ganas’ TOF ( ‘ 7% 
thaarbabya pars 73 ‘ : Ey 
oedege : z pybesaackusyipind 492 {lee fi 
eats 5 eyiu 4 x sSSASAS! secre it p22 } ae BIE 
Sey sis fy: ae ii 
-y aoa =. a beepers SH y ¢ \ i 
. Tisbebtsne Tees SOPH PPR RPE 
aah E YE 2 bAYAHEEE FAgE I Abb bea 
SIRT! RVR RS Ra ie ae ee 2 Heda oT eE pope SK 4 } { a 
tHE SRS i ‘ ay SES SER 
{ ees rh rgesetes “f SS te br) if : bee 43h 4 tt 5 
ied tee Hie cv nal + SSRPSPS pbb: Bape b ae 
+t) AAS Nn = i ‘a : % 
j (a ee py HES SS 4 sfc ase eds \ 
oh we > fed * i t 
: ie 3 we a ‘ viedes 
: “ aot 
Pa te Oth 
3 2 ; 


ae tae 


epee eer er ey re re ee eee) 


Tritt titi Li 
UCUPLET OOS E SARE 


On ln ee i Os ed OS 
. = ceF Se rar . 8, 4 


ry 
ft ae + ho 


=e 
* 


aay 

wT) pegeerpayeGegapete sas: aitite 

EUR EGEDS < REE ascbcecdcl : treats ated sagrts tel: tals: 
Pee a eabesebcbavesatene f ree C pps ae ete t Cate li 
bh ababey Srbenesett SHR thiels 


dogs seeteds Uy: Ute: 
ie torre: Tet psa: 
t 


meee eee wt Bee ep ee eee 


121 


D. INVERTER C3 - (INV_C3) 


Pill 


urea 


: He 


ee Vee 


I 


i wt 


ot eae 


ai 


YY 


a 


Hy 


| 


NS 


Y 


A 


peere tenet Fprael in 
bated ae cbrasd 


LeCeesrsraears 


H gtivandeteteace 


an 8S. 


se 
asl 
thebrecets 


ON PR i el a el a EP ef 'g, 


Aesieete 
ren edede i. 


MOM BCM MTC M Mb eR ETNA ATES 


bl ag hd othe de ate ae al 


ore 


th get eth 


v{stengkapeey rts 
LOT OLE 
eesen ied ateratars en 


ro 
bisebereselracssdergty 


Pe LKR Leeda CTRL ATS 


SEeEOC aU af ebete Ler eeigegesetnccnepepep €y car pty Ege vrankebaaardebyavindss pega 


122 


| 


| 


i 


AUTH Ee SEEEREERESIE 


ckesesacceaeberaryep epee 


IT 


A 


Ll 


| 


WoT: : 


SATE | 


I 


ll 


Hitt: 


AY 


ce 


if 


i 


ul 


ate 
ii lestdesgssscenseea 


elite : 
fedi? cies 


ee he a ET ee ee 
ne a a i a a 


pep sta ds 
Rekecuryestpeeker ure! ier 
retitiipasiiscititaisme ila 


ee 
e. ¥ 
ray! N 


NMIN EZ 


sh: MATAC Yaa: 
"De "ses urGo Crte Laie 
‘AD Ky! 


A Me 
eisdrpagesaksgel 
TE ae qecet 
Grpearved > serdshoretarat 
svachegagedefaan a (stat 


it) retgeeti 
sv ayibenegbaebet 


i 
pardsbrardabsbade 
Wrestitst seeti yi} 


SRE on aye mi ATA ime AY 








E. PASSGATE 


Addl Ak A Ae ded ded 


BE 


Be 


iia Tn 


<7 ETT 


i mutt fe : bs 


EOCORGRAREDS Bt PIPPIN ssocenacteceandeneoerp  suety avireserb 
roebecebctas B ‘ andadaaedetedptarpigty 3th 
: Kielvapepdabedacy: atyey hip 
avo syerekeipneyieshins brbiy sey ethrbebeke 
dobroabriys TF 


OPN 


iat 
CELT Ladansvaragcr sees: 
eeedavaree eines 


rb aapbalabpinbas piait- 

Thy bpovigbasy lop hpie- 7 
vbrarpebphpesbupphyea RRP Rs 
ApbedehvSuapend 


teneererre 


LI OP Le Fee ee Oe he Oe ee a hg MS, 
« + . 2 ry 
we ee ee be eb ee 


4, 
© 
AOL ant gat EN 


Vetetely 
eta adage 
ZPITIViC Cire es 


<5 A ECAC EAI OIE REMI 


oat Toa P NAS DN BNA et ADAP el Oe a oe oe Bd ~ 
tr ft 


att « < 5 gr 
< * + . - * 
8 Fe OO na nh RH a PR Wg i i ig he a a Ran Re ae HH 
™ tue? —* ee Sr eet ®, 
= =P 49 OL . 7, ate! 5 





een 


125 








F. 


TT 
inet 


| 


HA 


QUNEEREULUEAELUSERTTAUET EH 


a 


Be ey ce se 


~ se 6 @ « «BRANNAN es 


acer Syed \\N a Rape ar ase we See? 


rr er ara) SSNS A! ee ane 


- » « «= sAWANANSANRSA ce ee ee 
oe ee ow ORAS es 
Pr 
«ew ow 8 ww PINION er 
ee A a a ae 


rr 


HU 


SAMA TET 
etter 

apf pteibrarertses THALMECET RSS PERERA TEES 

epenets Cus Uehas. auetacael cit dengkede lsd 

Prin Ff te 2 SORT ACEEE EEE RLERCEOZCEE 
BB SNCS 


SSS | 
SARAS ar 


er ee? SANS 


ANAL 


Oeors 


rekcagagbesrartrbcerdrr 
a ARON ERECT Pp AD hE tease ed 
eye heheaghr Fries pecsksysas os. 
wre CORGREESTSUTECUEUE CIID 28, 
vs PORSEELET SEES ESRSEDES ED oy 
Te POLCKRESSTSESTORSYSVIUE “uence 


eee pe wee 


euteee 


agegs 
+1: 


eee ara a ae ee es 


REE. Ress 

SESKSSP FEF 
TEVERFLETITE REL ED 
CPOFRERRZELE CRIED 


eo ee 
ann eee - 


Cee 6a aaa ee ee Spee Ss (eee ee ee ELS ee ee 


i 


culiittl| 


ll 





SINGLE INPUT PASSGATE — (PASSGATE_SD) 


{ 


a 


HAL 


I 
i 


t 


Pe ee 
ows ee ee 


er 
a lh 


ee er ee ee ee Pre SN SNS, 
ee we 
set ee 


wee cotter ae 


TH 
i 


ee 
rr ee 
ee 


it 


Chooqansneg pe ais 


a 
eyatodel? . 


ah dg at Sarid Bd bee dea 
Pesgtycseee plete td os 
ati oes 
can +B! 
itet 3 


sustgrscene. srard Ba 


@riwieeminw + 
Pee ad be el 


trp ee 





G. BUFFER 


The 


iC 


Lea 


i. | - in 


Ta 
mT 


FE a 


a 


‘ ree! 


rupee ere Gl 
: : MITITIttIt Tre: 


% 


TWivitttisit) 


Ty yi taten te 

vies pepors tata ii F 
PEERapeyeNohens cohseg- wUPk pups Tr IpUPtbeses coaneinhind 
PPUE TREO RPRPLOUIRIGECPAPATE DS, © eagapepreria gs ‘fi ose 

adit: eyskutonraalataereseerpeetey: Tht Sh bt 
PUSRIRPRURDEDAFRPLTEOEDIFCE pres akronaeteCstsle 
LIA SS seetr seere(edstager? 


ery 


BURY BEBE 


LE 


a ul 
a 


tg on 





nn al i / 


Ai 
A 


TATASCPESERERED RSS 


: a 


N 


| 


i | 
mi ial 


Lil 


Beveve 


Pi ey ere 
et op eee fie, by pepramager ips 
+ ee 


Z 


a 
bug : 


oe 


UnCagrrkerqacceuqarceagcrcecary’ 
HET eee 
Cagugatt eer iy 
Feeapasucegced ry 
sttnoistecaepesideek 
seeagivigegivighe yon 

Peeiresapiceeksh ripe 

: sarcaeuaneied i a 


Y 


‘ 
> 
* 
4 
2 


te ee ee ee et 


— 


ty 
bd 


An eee Park a PS a Oct Bee Vas Pat 
aden PN ee eR ee 


TA ASSIS 
yint ged F 4 ae 
Payne 
UPEPATYERO ATED) 
‘caine 


a ee ee Oe rt Bt tt A SD et et Net’ 
SA at pat NN OOO el ot gle 


ade ch Seat tte oath Lae ht tah ee ath t 


aPRUSGaPefersray 
it 
F 


i 
Be ES 
sees as : : “8 ieniteaen 
CeUaLUEREOLICAEDGDTD Ce gory? PUP Un DUAR QTUSESFADEVEDET & 
LEREDPSPRGgees: eePERRPEStTCT UDG ae SOC SEGALL 
EL DESO? Leg aPORNUsUsespAVTAPRsLLeL esas: meeage 
tae FET AEESU EEDA RE EO SUCSUORALERILS PLEdatys: 
repies: SeeRveeeapapege CHORES ERREUE STI UFR E RD 
AEH tte ceaciteqneeousyetuyas 
ORDuDUS 


m8 t 
PCPURTERETER ED? t FApareREAEROADUIER 
pherece’, ceuacereeguregeperepagepepeyet earns 


agega ‘ 
gyaerde 2° ~0e4 
SRR RR 


, ‘ n cetate ee ateiie, 
best “tebrea yal : iF Safeaeteaste tats betene ci 
ipasibeses epee srpraagagr page spats CoSntnta(ersyetar= 
roagegegedyt seecergys epebsgeredsieyelate’ wba d ne 
fefudersurrete SUPRarErPegees ss soCste caqakalal zh 
pepearge? apagebye: MICE LTS teas ls) 
SpupraepagigebssogeSsgeCoCategutaceistaCatsy 
eee: aie edrtededs Ait eh 
a 


ehtepat 
a LELBAPSPEERAPNEQRDATE 
cee 
s 


CsCRETTRCHL 
carte cordcoapcosnes 
seorabanegagerer ears 


veel eegeRhardepalededeuecelsCeeneatiee 
i coaspraneagepeangehagege ageCeTeSeseravssetecsees ! 





125 








H. | TWO INPUT NAND GATE - (NAND2) 


. 


a 
ice all 


Lt 


ee ce ee ne Se te het 


ee be wee wee 


z te cee 


N\ fr 
=r @ . 
. ia ar 
. . ae, 
tobe 
. 
fig 
—- ; 


- 4 
ae ae 


eee ee oe — oh nh ene ee oe ee eee oe 


TAT NSS 


qa 


le eB we ork me 


ae 


a 


thebrarhupcacd. Evavera pln iets aM 
iptetathepeat cecedateks 


me oe. at eh 


pares tay 
07 lede 


setrce 
Ve eet Ahh a ef 
. Oe Ey eA ° 


a 


2he te 


ee eg me Fa ET Se th 


a Me alle ® ae te tats TD ale gal gil rl el i mel 
ey 
+ a _ 
etd 


; ae gt 
c it RARE t 


bRepec 7 Sedatal , it Eepebeyegrigypraderprargearonargepeer of 
egede(s ts totes 7 LPCHLECPTECRCEFOAESLObSEFIEPSURTOI PR GR OPTI FET? F 

abedetr our Lat vyoangagahede ce 

evoaets tp iets ; iy be 1 

phagefatetetsr : 


eee « . ry 
. ee me 4. 
= . 
2 7 


sise 
tEatpé 


‘ 
thsesarcCbetRken 





126 











L TWO INPUT NOR GATE - (NOR?) 


anees- 


Diailill 


ul il tt tania 
A es 


a 
| : 


‘ . a ee ae etude, 
Py ee, ee Oe ee ed 


wi 
| 
A fs 
\ 


HL 


LU 


SSRRR een 


Ayr 
¢ - ee 4 . ‘ . 
‘ . +o . 
i. ASA 
208 4 t iath . ee 
. ; . 
BINNS S903: 
* g.* Ssord 


TRANS th 3 Sh Sha 
: INNS HN ei eee Afaly 4 edited 
: cea AY: : PNst ] (+e H [ AR TN < fie ; 1 etait 


A eetd Ubdebead 
petri (risked 


ES tT : St * . fi 

ECE UAE U ESRC REC UL Lee ae 
SO eee ceaaeatepceedepupefeptante 
iphys t benseewegittafei 


res eGeCrer es rbetebedetets: 
eUngstesanety se ; bbe eur 


bt 


bySebedpestrtacheath 
payhaeedyivareperepaber 





127 





J. TWO PHASE CLOCK 


Se yaeeda thane ah aan 


Ye ee Soa 
i  — eS a SS A A 3-1 5 Pe | || | SS ——— —— 


, 
ee in ating Z Le al Le at 
arenes, an ten RT Ht x ee pa 


. AN 7 ree eed CHF wwe eset a iy it a As afar a ° - Mh if HE 
a pee silk TREN imme ‘Sti mom I N USHUTHE sdesanstil ESN ar TWh ii) 7 oe 
jet creEses i : . R / ape s bh ‘ : 


He S30 
RTE BN B71 


HR list 
Shit 


Per ei idgiiceaaii 
acarosvenetieee seet 
FOR ISIATA PATO 
es | 
COROT TA EBEPAAEEOEE 
APLALA SHAADI PERLITE | 
"ECAIEL =| 
SE PISABAPABPBEDPEBD 
RAIA ECAOFEALA VALE 
APLIPPIPIPSIOIP IAD 


IE 


im: pine " Sesetet 


ated MESS AM 


=e ee rtaal 3 
siici asdaneeabe 
apess szacsesege Ube 
ange! savcredebedesese rhasabest 
veel ceca cree bereeekecasrersy 
eaeat svaccngebasrbngeeeseiely 
EDERP ETUC HRSE RR AER CE RER SCOTS ; : 7 : ‘ 
cade; sua rcysebsbebetodee ere eaesh 7 arin Pete iti ahd ts “t iePEVSLATEREC SRE tes fs 
Siam vac cebetesed Tita aonut savas asbeesert es a Pere vie st Hene 
: see } SA gc. ORR eg ae a aa a4 
Wadd: Prat escanthiany ee tht) fuarace roan 
. peed “a eB dead 
dS 5. 3 Weed ee re ee hes 4 DEDOnae » neem rs ns 
4 ad f oak 80% f 
: : ; 7 


as 


te ed : 
Voskte 


7 
ay 
o9e 
* «00 at 
. 


wt EPH is 
iti. SH ‘isi itt: 


fart ¢§ B 


sree 


4 


‘ pas 7) NS A 8+ respec Beta, 


i ‘ait Ne EL be 


an 


Eman ae apse a 


#?? 


bas 


FOSSA s 


tA 
LPI PLAIELDSOCEATE ET v 


i 


ie TR : te ea OG _ en r oe 
a iar am LO 


CEPA EEE PARAS BLM 
(Od 2s hd bo LAAAARE 
RI AIPIPAAS ERED FARES A | 
GCILERIFERELEG HAL EE 
"Mod arataetaewadsanaa 
| LMEALPLPBPOTL TAAL 
LISA AIBIAEEL ALAS A 
GLELEOLALPAAOCED ACTS 


[E 


seasattll 1343ha0e ant he 








BILINEAR SWITCHED CAPACITOR (FLOATING BILINEAR 
RESISTOR) 


rr Tit Tie te 


I SUT REESE eo ae i 
JB a rie 
ee Fi 


ABS ANt 


eee ca ve ® 
marr eas Saar toe 


ot tt 


ot hedie wQea hak J" 


Nie t. ‘ ae . had RI . earite aie : 
MMOL - ripe iar int 
f 


— 7. 
‘ 


+ 
a 


taeeee : Lees ; . ee 4 
PUES ie Seer ae cot ie ae 
UCTS Hochauiatladictled RS} Pe a ggest att 


_ “Her 
‘TT aM 
p+ Be 


Fics eal 
+ « @ oe 
Mercian a: pare 
ot % ra 


See OT 
SETHE DIAM 


Ze 
ie] 


oe ae SCHUM 


a BS cereal Seca! = 
Le 3 


VAGUE CET ARTE i 





(Ref. 7] 


129 | 


Lx FREQUENCY SELECTION LOGIC 


TT PETTITTE eee ere TEETE 
li ie el il 


ATT) 
| na 


1"4! 
| | Hianscetts HGR 
al | ee th eas 


i 
pgeait ie . 
Aor : : ENN 
aerated terete tats Ra ut BN ee 
AREA hnanaare cdi gat SORES AY 
creeee Usd silt: CHeeee? Re Be CREPE Fea NSS: 73 
; Meeks : ? : srt atlas at ( rayay! IE 1; Sy te 
; . . 33 * i . { t: 4 ity i Se i; +4 +54 
jus ah): + . Exe vate tee ap aabcrir nts oN MW naa 
ats : tt . ig ' i. vaparty pp 
RG CLS URSSI ER sic SERRE RS Oye ah AG apse 
i oe wee bee Cmenauenedg: ttepe Ge aerate 4 PA CTARRE RR * Aa wr DUSOGRUEGTUIGE 
tT geet EeBEROhRRereep Bae? AN soevegertg ny at soit 
Hy Coed uePuPENOVOREFRELARESSA EDD veele f . 
phoceivl Miri itieteer ences a ITT at ries pa imtititiid 
at i rien dag nbs .- sre DIPPED CUPUp Ree capi yeas. 
a : re i 4 out AER Sos H yeatt kergiete: 
: ae FP renee bat unis ete felet a a 
ryrge yeahh . 
ante ae: NR 
t i Feushatt AR be 
Pare ppepstia er. tt re 
{i 3 Ss : ‘ Fa il MASE TPE 138 tod 
9245426593000: SLA Ta S58 co IiARS ft Be Rae: 
‘ i rt SHUN ey ¢ Ua i 
att ai SUP RRERENS 


t 
e 


CLUTTL LEM A 


LEYLA 


LL, 


GUSTIN GML 
Ehihspisitidaa 


TGS 
rs 


Of tAIZOL te 
REALE Cee 
re 


CALILLUET ET, 
SALAM ETE AS 


Ug 


qi 


F ape alt 
agin i all 
| IK te te 


Writing 
CHUMTHTTL A: 
WHS AA 


; es y Xs WIPRO 


ales am tne 


bea ut ste HT "\ 
iat 


HG 


“i; AE OSE AE, 
SBE LALLY 





i! hl 


130 





M. QUALITY FACTOR SELECTION LOGIC 


Ai v, 

i i . ze 

Teresa t tt bE keety ered RITITIT UST ttalL Let ae it a . sont! Suns. OCOSS ERIE pPbO ees: 1 
oa 


UTNE Ue ITE UU inane 
Sige eer mg | TT ! 


@¢ 


‘ : N 
: ae TARE. N THT (REST 
N@ yay. rae Sd nema 
‘sn rewawtate. Ls CNBR! Bes a “Tab ae 3 . 
eat a ee ad 18} 
trite recrasee uals »? pol sdieses vyee: oe 
kee: ont Grtr a: tartal- ' are in: 


a aaa Fotaqeusrers: “st 
Seueasteket Veber Reyes th wea eactipey , 
CrpeeFs pe bedabtbeleent7Cuk peers carenerbekreice! PPITIUETISSPET TITY STE reesari Ti Lae 


tS 
i PPR ts, SUT IDR EDN HP? 


saeere cid ee ae ogtargepenens 11 ACed Cem ehemesa Bebe sw nesearee® SAPO PRE RP NP OF AON eT Rte AES 


: 
* PHapDSLQegeaangeetnnay ed 
wate ace sew eaee Cee ei See ees 


131 


tone 
r 


: 
. s SPOOL eT y SUATAG VERON ESR HRD OP EG OLeRE Behe 
TT LIME LALA Td LC sob vinebe nab akahe a US. pote. tpPet ake ToLeleteletetes. ve eGuarhared padedesaseds vickcavsrd ocean base Eveere ecastabshaledesateCrte lots estes 


bk Sekt ASASUSUSLSISSSSSDSSND IU DSDISD! shiDSSASSSLPESS ASA VSSBSN Nd ASSIASSSSSSINS SSIS HO USSASASASASS EB TSESSRLSSDS 2b) 


ebacefvadyategiee ES Os ESE ReTREA AAT ASe HAC eh oper ePer ks Coe eEECapEORECaEaL DCO E DAH KS TD gaa bUP Ph ps Ob phy sou ees DooRhelrhagadehsabele kyle sSaaeir- ssi ‘ 


— 


MonanscSPUPRSORAEHNUGe es Fe caress ATER UERNeS 
ie a 
| (2 


fdddaddl 


eetaerits 


: 
e 7: 


jeans gener se: Hern 
nah + TUERESEAT EDA. 
7 it reieeee 
Re 8G 
ay 


~ 
ams 


2.2 
* 


RaeomceouusSObMte 


ee eetittetit Bit Ti 
visitas van deblescsacccds tee 


NE SN, I PP SNP PO FO 
ee ee ae ed 


7 9 











N. TOPOLOGY SELECTION LOGIC 


a Ee o_o 
is <a i 


hector iil i i, MUM | ae 
na eg 


HE MT ‘ill a iliniee: 
a H se cuifltitn. eesti 


ig | Eley a BU ela tia | 


ot cumnaes Ne ttre) om "E fmnneae Ss 93 Eat S 


=E : ie (rl tii ie SEU ST i can MUU iti: ue Suhel ~she 
‘ ee et titer emda lt a BA it = 


Hebd: ste 
ONE I 


> . ; : Ds fete . toed ze 
Tete } Lab elge ee redytiered(aeneinis en eeeeres 8 a ipa 

Tish) * recenbeerinear.! Shik DE aspers 
Se eereeereatcesaad ae Bs eeeaat 


* er dnsye pee vo erta 
Sarepasal 
hes S¥efe 
ESTED. BBB RRRRRO IE SSS : vn 
fs tar sorter iter ve genau 


BUN le freien sar Pca ee 
4 : i oe be Ee on 


‘tee Aeparezertenpnee ase sleet f “ ashes tes OS PRReeegeaesesearan’” xaem ere 
concas Fibsenees: vedas PRERELERE CALI ress nine Bit had “ae Th oath eee ceubagteces Gebie ba avpeea 
! oa . ’ ree fs Bi oas i [vai vhs if F : i 


_ “a Gyhabet fy bf : te 
’ UCackeraye day eer 1535853415 re zy 
i i NT 
Ea Sas 
agg HE. 


im 


Bs +“ 


ic E seciittinenmnif eee pare rae)": ae I aaa 3 : | te Jot 


i. at TIM TT Tee 
PRM ULOLN LOCA TOVECETECHTEOOTTEREE ESET SE See es 


‘a i 
tat 
yep et 
S| 33 
Sse 


Bae cs Sr rT ee a 
TTT UH a mm 





132 








O. VARIABLE CAPACITOR 


4 


—— : e@etrerts ~~ 
ee ee —eermarnan® 





re gee Fee ee oe He Far te Se Se A ae Soe © 
ae a Oa ee On ame ioe fee Se ae nee rey Se we 
Bee ee te oe ae Oe ee ee Ne oe 
er mt ee ee eo ee Soe ee 


ey eee “Oe ae Oe 
ee ae ee ee ee ae oe i te Smee ton B 


Pie Maal hn re te ore Ree ee Oy ee ar 


ey a Fe ee ee ee Te hee ee Oe te 
ay Oe ee ee” ee 





apapnbed 


an 


TE 


wietet lia 


. 
t 


9.7.) OP TX 0s 5 ES ¢ 
‘ete ire 2 be! © eS 


eat ahaa te sabes 


ICO 


BIEN EN EIEN NEI EIE 


2 ee tt ge age ge he eee ee 
war ao e 
Oy, gg Os ee San ™ 


a] 


44 


ee ee 


on . en 
mum ey ith pene 


ee oe ee oe ee 


err a ears 
ae :. 


omvw ahs we 


~ 


tin 


My 
iy - 
At 

ri 


A ae eeeees ann eel 
a ~™ A 
Pe, teeltiattans 


- 
Lh 


[Ref. 7] 





OP AMP 


P. 











TTR ee aa 


1s Galsanaseace 


SESSIONS SSS 





nme erens me cw wememenemeee 





Sree 





ee ea ir 
ee TE ol Pate ta ck Pa et tae a 





RRR ES 


Ae hee ee eT ae Pe? PD PP 


Thee (eee iu. ey Ut uu: Sli 


1s CUP ECHI DESC UEDID EL =; EUUDERIOERIO EDIE 


[Ref. 9] 


134 © 


10. 


11. 


12. 


13. 





LIST OF REFERENCES 


Schaumann, R., Ghausi, M.S., Laker, K-R., Design of Analog Filters» Prentice 
Hall, Inc., Englewood cliffs, NJ, 1990. 


Lam, H.,Y-F., Analog and Digital Filters - Design and Realization Prentice Hall, 
Inc., Englewood cliffs, NJ, 1979. 


Weste, N.H.E., Eshraghian, K., Principles of CMOS VLSI Design: A Systems 
Perspective, Addison-Wesley Publishing Company, New York, NY, 1994. 


Sedra, A.S., Smith, K.C., avicroelectronic Circuits, Oxford University Press, Inc., 
New York, NY, 1998... 


- Allen, P.E., Sanchez-Sinencio, E., Switched Capacitor Circuits: Van Nostrand 


Reinhold Company, New York, NY, 1984. 


Ghausi, M.S., Laker, K.R._ Modern Filter Design — Active RC and Switched 
Capacitor: Prentice Hall, Inc., Englewood cliffs, NJ, 1981. 


Wilbur, M.J.D., “The VLSI Implementation of a GIC Switched Capacitor Filter,” 
Master’s Thesis, Naval Postgraduate School, March, 1998. 


Michael, S., Analog VLSI: Class Notes, Naval Postgraduate School, Monterey, 
CA, 1998. | 


Silvernagle, G.A., “VLSI Implementation of Stray Insensitive Switched Capacitor 
Composite Operational Amplifiers,” Master’s Thesis, Naval Postgraduate School, 
December, 1983. 


Bhattacharyya, B.B., Mikhael, W.B., and Antoniou, A., “Design of RC-active 


Networks using Generalized-Immitance Converters,” Journal of the Franklin 
Institute V0l. 297, pp.45-58, January 1974. 


Haefele, D., Lin, I-J., Cadence MOSIS Design Kit User Guide> Cadence Design 
Systems, Inc., San Jose, CA, 1995. 


Pi, J-1., MOSIS Scalable CMOS Design Rules Revision 7, The MOSIS Service, 


. Marina del Rey, CA, 1995. 


Budak, A., Passive and Active Network Analysis and Synthesis» Houghton Mifflin 
Company, Boston, MA, 1974. 


135 








THIS PAGE INTENTIONALLY LEFT BLANK 


136 


INITIAL DISTRIBUTION LIST 


. Defense Technical Information Center..................cececceceeseeeee 


8725 John J. Kingman Rd., STE 0944 
Ft. Belvoir, VA 22060-6218 


. Dudley Knox Library.................cccesecccceccencesscesscescceeneneees 


Naval Postgraduate School 
411 Dyer Rd. 
~ Monterey, CA 93943-5101 


 (Chaiinan, C Ode EC icine teawes dad reesetin bicicwsnewnseidswasiastnees 


Department of Electrical and Computer Engineering 
Naval Postgraduate School 
Monterey, CA 93943-5121 


. Professor Sherif Michael, Code EC/M1...............cceeccceseceeees ane 


Department of Electrical and Computer Engineering 
Naval Postgraduate School | 
Monterey, CA 93943-5121 


. Professor Todd Weatherford, Code EC/Wt...............00ee seen eee eee 


Department of Electrical and Computer Engineering 
Naval Postgraduate School 
Monterey, CA 93943-5121 


. Engineering & Technology Curricular Office................0..0+-e08: 


Code 34 
Naval Postgraduate School 
Monterey, CA 93943-5109 


. Director, Training and Education..............c0.sceseeeeeeees Sigel eens 


MCCDC, Code C46 
1019 Elliot Rd. 
Quantico, VA 22134-5027 


. Director, Studies and Analysis Division. ...............cccecceeeeeeeeeees 


MCCDC, Code C45 
300 Russell Road 
Quantico, VA 22134-5130 


137 





No. Copies 


9. Director, Marine Corps Research Center..............csseeeececeereeeeenseneneaesneeeenes 
MCCDC, Code C40RC 
2040 Broadway Street 
Quantico, VA 22134-5107 


10. Captain Adam R. Kubicki.............::seeecsecneeeeeeeeteeeen eens te eseeeterenenenenes 


1869 — 21 Ave 
Kenosha, WI 53140 


138 





